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ABSTRACT 
Colloids are small particles (with one dimension less than I 1=) that are meta-stable. Colloids 
are ubiquitous in natural waters, and due to their relatively large surface areas, they may 
combine with pollutants and contaminants making these mobile through the terrestrial 
environment. A large amount of research is currently directed at understanding the role colloids 
in contaminant transport and modelling the interaction of these systems. 1bis understanding is 
particularly important when considering the disposal of nuclear waste. Currently, low-level 
nuclear wastes are disposed of by shallow burial at the BNFL owned site at Drigg, Cumbria, 
UK. Predictive modelling of radionuclide transport, in and around the Drigg site, is an essential 
part of the safety case for continued disposal. However, colloids are not yet included in 
predictive modelling and the work described in this report attempts to determine whether 
colloids should, or should not, be included in the models. 
The report commences with an overview of colloid and surface chemistry and geological media 
and species relevant to radionuclide sorption and migration in a natural aquifer environment. A 
literature review outlines the areas of study specific to modelling radionuclide transport through 
the aquatic environment. A brief overview is also given on colloid sampling and 
characterisation. The first part of the study focuses on the sampling and characterisation of 
inorganic colloids contained within groundwater samples collected from the far field (outside the 
waste disposal trenches) at Drigg. Results show that the colloids present in the groundwaters 
predominantly consist of iron and silicon. No radionuclides could be detected associated with 
the colloidal fractions of the samples. Low levels (c.a < 0.28 Bq dm-3) of 137 Cs activity were 
detected in groundwater samples only after concentration by rotary evaporation. The second part 
of the study examined the distribution of europium in the context of a ternary system also 
containing a mineral and humic acid component. The research concluded that the solution I 
solid phase distribution of the europium did not simply follow the humic acid distribution, but 
the mineral surface also affected the europium distribution. Modelling was used to describe 
these results and to validate the conclusions. 
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SYMBOLS 
a Specific surface area 10 Intensity of incident beam 
a Freundlich constant It Intensity of transmitted light 
b Measure of the non-linerarity within K,. Distribution Coefficient 
Freundlich equation Kads Equilibriwn formation constant 
cm3 One hundredth of a cubic metre KH Henry's law constant 
CA Concentration of A in an open I Length of sample 
system m Mass of a particle 
Co Initial concentration of absorbent !lE Electrophoretic mobility 
C Concentration of absorbent in 11 Viscosity of the mediwn 
solution after sorption nA Nwnber of moles of A 
Csohd Equilibriwn concentration sorbed IT Osmotic pressure 
absorbent p Density 
Csol. Equilibriwn concentration of po Partial pressure of solute, B 
absorbent in solution phase R Gas constant 
dm3 One tenth of a cubic metre ~ Distribution ratio 
D Daltons t Ton 
I: Porosity T Absolute temperature 
E Applied electric field 
't turbidity 
Ea Standard potential v Volwne of a particle 
EH Redox potential V Volwne ofa liquid 
ESHE Redox potential relative to Standard Vm Measured velocity 
Hydrogen Electrode Vs Sedimentation velocity 
ET Potential developed relative to (j}x Angular momentwn of 
Standard Hydrogen Electrode at a centrifugation 
given temperature Xo Mole fraction of solute, B 
F Faraday constant 
'l' Potential at surface 
tjJ Particle radius ~ Zeta potential 
g Acceleration due to gravity 
z Nwnber of electrons 
r Sorption density 
n Surface excess energy of an ion, i 
iii 
ABBREVIATIONS 
Abs. Absorbance keV Kilo Electron Volts 
AAS Atomic Adsorption LLW Low Level Waste 
Spectrometry LOI Loss On Ignition 
BNFL British Nuclear Fuels Ltd. nm Nanometre (10-9 m) 
CCM Constant Capacity Model Jlffi Micrometre (10-6 m) 
CEC Cation Exchange Capacity MBq Mega Becquerel (106 Bq) 
%C.E. Percentage Counting Efficiency MDL Minimum Detectable Limit 
c.p.s. Counts Per Second MES (2-[N-morpholino ]ethane 
CRT Cathode Ray Tube sulfonic acid 
EDS Energy Dispersive X-Ray MPLF Micro-Purge Low-Flow 
Spectrometry NOM Natural Organic Matter 
DOC Dissolved Oxygen Concentration p.s.L Pressure per Square Inch 
DLM Double Layer Model PEC Proton Exchange Capacity 
FFF Field Flow Fractionation PSC Photo Correlation Spectrometry 
GBq Giga Becquerel (109 Bq) PSE Polysulfonide 
HA Humic Acid PZC Point of Zero Charge 
HLW High Level Waste SCM Surface Complexation Model 
ICP-AES Inductively Coupled Plasma- SEM Scanning Electron Microscopy 
Atomic Adsorption Spectrometry EDS Energy Dispersive X-Ray 
ICP-MS Inductively Coupled Plasma- Spectrometry 
Mass Spectrometry SHE Standard Hydrogen Electrode 
ICRP International Commission on STEM Scanning Transmission Electron 
Radiological Protection Microscopy 
lLW Intermediate Level Waste TEM Transmission Electron 
IPTME Institute of Polymer Technology Microscopy 
and Material Engineering TLM Triple Layer Model 
IR infraRed UV Ultra Violet 
Le.p. Iso-Electric Point Vis Visible 
IUPAC International Union of Pure XRD X-Ray Diffraction 
Applied Chemistry XRF X-ray Fluorescence 
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CHAPTER ONE 
INTRODUCTION 
1 
Introduction 
1.1 Nuclear Waste and the Environment 
Environment or 'Green' issues have become important as the public become better 
informed about the environment around them. Somewhere at the top of this list of 
environmental issues is waste disposal and especially nuclear waste disposal. With 
increasing industrial processes comes the need to dispose of vast quantities of waste 
material, from paper to toxic metals. However it is the disposal of radioactive waste 
that has come to forefront in the public domain. 
All processes using radioactivity generate some form of radioactive waste generated 
from the decay of radionuc1ides used in the process. The potential health risk of these 
wastes is through the exposure to ionising radiation and in some cases heat 
generation. Thus care must be taken to dispose of these substances so as to reduce 
their penetration into the geosphere or biosphere to acceptable levels. An added 
complication is that the half-life of particular radioactive elements is thousands of 
years. Although their activity will eventually diminish, the period of detainment must 
last until they are no longer a radioactive hazard. 
Since it was first recognised that exposure to ionising radiation was potentially 
harmful, a field known as radiological protection (or health physics) has developed. 
Radiological protection is concerned with quantifying detrimental effects and setting 
guidelines to allow safe handling and disposal of radioactive materials. The principal 
authority for determining radiological protection standards is the International 
Commission on Radiological Protection (ICRP). Its recommendations cover both 
occupational exposure to radiation and the radiation exposure to the public, and is 
concerned with limiting the risk of exposure to ionising radiation to acceptable limits. 
For the disposal of radioactive material, 'risk' has been defined as the combination of 
the probability of releases of radionuclides into the environment and the probability 
that the subsequent radiation doses will lead to harmful effects 1. Therefore the ICRP 
has provided a risk limit for the disposal of radioactive solid waste as: 
"No one individual in I 00,000 will suffer a serious health affect per year" 2. 
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In the pursuit to ensure the safe disposal of radioactive solid material the following 
work examines the BNFL low level waste repository at Drigg in Cumbria. 
1.1.1 Classification oCNuclear Waste 
Radioactive waste can be classified according to the isotopes present and their 
concentrations, the ionising radiation they emit and their half-lives. There are three 
main categories used to separate the potential risk of radioactive waste. 
1.1.1.1 Low Level Waste (LLW) 
Low Level Waste (LLW) constitutes over 90% of the total mass of disposable waste. 
LL W is defined as waste of high volume and low specific activity and typically 
consists of paper, tissues, protective clothing, packaging materials, and soils. There 
may also be a percentage of heavier wastes, for example, construction material such 
as timber, and bricks from decommissioning nuclear facilities and old industrial sites, 
which have either small radioactive content or contains isotopes with short half-lives. 
The accepted levels defined in the UK for LL W are <4 GBq fl for alpha activity and 
<12 GBq fl for beta and gamma activity. The repository at Drigg, managed by 
BNFL, is the UK principal site for disposal of LL W. 
1.1.1.2 Intermediate Level Waste (lL W) 
Intermediate Level Waste (lL W) is of intermediate activity and volume and will 
contain significant quantities of long-lived radionuclides. It typically consists of 
decommissioning wastes such as contaminated steel and concrete, and operational 
wastes such as ion exchange resins and contaminated glassware. 
The accepted levels defined in the UK for ILW are >4 GBq fl for alpha activity and 
> 12 GBq fl for beta and gamma activity. 
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1.1.1.3 High Level Waste (HLW) 
High Level Waste (HL W) is reserved specifically for spent fuel and reprocessed fuel 
wastes, and is heat generating. 
There are many different radioactive isotopes present in these forms of waste, 
however for convenience they are often described as either 'fission products' or 
'actinides'. The fission products originate from the splitting of heavy fuel elements 
such as 235U and are generally short-lived but intensely radioactive. They include the 
lighter elements in the Periodic Table and are characterised by their beta and gamma 
activity. There are some fission products with long half-lives, such as 99Tc, 137Cs, and 
1291. The actinides are artificial radioactive elements and are produced by the 
irradiation of uranium or other artificial elements. They are long-lived and contain 
radionuclides such as 237Np, 239Pu, 243 Am, 247 Cm and many are alpha emitters. 
1.1.2 Storage and Disposal of Nuclear Waste 
There are two methods available for the disposal of any waste material. The first is 
known as concentrate and confine (or containment), this concept aims to keep the 
waste contained within one area indefinitely. The second concept is known as dilute 
and disperse which allows the waste to be dispersed by natural processes. 
In terms of toxic and radioactive waste, containment means the waste will remain 
concentrated and a potential hazard until it decays to safe levels. In some cases this 
will take thousands of years and to maintain a safe disposal site for such a period 
could be impossible. The dilute and disperse design would allow toxic and 
radioactive waste to be naturally dispersed into the environment, with the 
understanding that safe concentration levels will occur. However to ensure non-toxic 
levels are achieved before release into the geosphere, the degradation, dispersal and 
migration pathways of waste products must be understood. 
Different countries have various methods for storing and disposal of hazardous waste. 
Currently researchers in several countries are examining different methods for 
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permanent disposal of rad ioactive wastes. In the UK, HL W is dry stored after 
vitrification and contained in stainless steel drums in cooling pounds above ground. 
IL W is encapsulated in cement inside steel drums and stored above ground, and LL W 
is di sposed of at the purpose built repository at Drigg, Cumbria. 
1.1.2.1 A Waste Repository 
A radioactive waste repository is designed to have two barrier zones to stop hanmful 
levels of waste moving into the biosphere, described as the near field and far field. 
Figure 1.1.2.1 shows a schematic of a shallow waste repository highlighting the main 
areas . 
Figure 1.1 .2.1 Schematic of a shallow waste repository. 
H, O 
FAR-FIELD 
/' Chemical and Physical 
L ____ -, Gradient 
RADIOACTIVE WASTE REPOSITORY 
NEAR - FIELD 
WASTE CONTAINER 
•••••• 
Hoat Rock 
pH 
Eh 
""- .Catlon 
~ Anion 
Radlolysla 
Temperature 
1.1.2.2 Near Field 
The near field is the zone that has been significantly altered by the presence of the 
repository. It is the fust structural barrier and includes all engineered barriers and a 
region of surrounding rock which extends for tens of meters. The near field is a 
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complex system, its chemistry is detennined by several factors such as waste matrix, 
canister corrosion, container back-fill, geological matrix and hydrology. 
1.1.2.3 Far Field 
The far field is the geological area surrounding the near field. It is the natural 
contaminant barrier and will have complex geological structure such as clay and/or 
rock. However compared to the near field it is in a relatively steady state with respect 
to chemistry, hydrology and temperature. The far field controls the flow of water 
entering the near field and retards and dilutes the radionucIides released fonn the near 
field. The release from the far field may enter the biosphere, therefore far field 
outputs are used to calculate risk assessments for radiation doses to the biosphere and 
consequently man. 
1.1.3-Radionuclide Mobilisation in the Near Field and Migration to the Far Field 
Radionuclides may leave the near field environment through a number of routes. For 
example, gaseous radionucIide emissions, human intrusion or geological events such 
as erosion or changes in sea level. However the most commonly considered route (the 
'normal release mode!'), is the invasion and movement of groundwater through the 
site, which may lead to the leaching of radionucIides from the near field into the far 
field. 
The main aim of analysis of the near field is to predict the mobilisation rates of all 
significant radionucIides into the far field, which acts as a 'source-term' for 
subsequent migration calculations. In the near field water penetration would be 
dependent on backfill type, hydrology, container types and repository construction. 
Factors that may affect the re-mobilisation of radionucIides are canister corrosion and 
cement hydrolysis, temperature, pressure, hydrology and chemistry - in particular pH, 
EH and the concentration of major ions (Na+, K+, Ca2+, cr, SO/-, etc) 2. Colloids, 
organic complexants and microorganisms may also have an effect on radionucIide 
remobilisation 2. RadionucIides may leave the near field environment by; 
advection with the moving water, 
6 
diffusion, which is dominant in slow moving or static waters, 
or, reaction I interaction with the fluid constituents or medium. 
The role of these processes has been discussed in depth elsewhere 3. 
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Groundwater moves due to variations in water 'head' from one location to another 
and is governed by Darcy's Law of flow through porous media 2. The radionuclides 
moving in the groundwater may either be dissolved in solution, in particuIate form (as 
colloids or suspensions), or sorbed to other suspended material. 
Once radionuclides are mobilised into the far field, the two main factors for safety 
assessment are, the length of time before radionuclides reach the biosphere and the 
concentrations in which they arrive. These two factors are controlled by: 
i) the path-length and velocity of the water-borne migration (both advection 
and diffusion) through the geological material, 
ii) the physical and chemical environment along this path, in particular the 
ability of the geological material to retard the movement of the 
radionuclides. 
Therefore the fundamental objectives for quantifying radionuclide migration in the far 
field are, to understand: 
site hydrology and groundwater movement, 
physical dispersion and diffusion rates, 
radionuclide interactions with the geological material, 
and hence determine solubility and retardation parameters for predictive models. 
These parameters may be generzc, for example some physicochemical properties or 
site-specific for example local rock properties and site hydrology. 
It is therefore important to consider the form or speciation of the radionuclides to 
determine the effect of various mobilisation or retardation mechanisms. Several 
mathematical computer codes have been developed which can predict the chemical 
equilibrium of a system given the concentration of the element of interest, the solid 
phase, the initial chemistry and physical parameters of the system. Examples of 
speciation codes are MINTEQA2 4, PHREEQEV 5, and CHESS 6, and their uses have 
been demonstrated elsewhere 7 • 11 These species may include radionuclides 
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complexed with any dispersed or dissolved material including inorganic anions (e.g. 
carbonates, sulfates), natural organics (e.g. humic and fulvic acids eg 12 - 17, acetic 
acid, citric acid), anthropogenic organics (e.g. EDTA), microbes, inorganic colloids 
eg 4,18.23, proteins, or a combination of the above. 
Two particular areas of interest are the effects of colloids on radionuclide migration 
and the sorption properties of ternary systems. Ternary systems contain a 
radionuclide, mineral surface and natural organic matter (NOM), which may largely 
consist of organic colloids. The effect of colloids on radionuclide transport is 
complex as they may form stable complexes with cations which may be more mobile 
than non-complexed cations 14, 24. Coupled with this is the fact that most colloid 
species found in natural aquatic systems are either clay-based or humus-based and 
therefore are negatively charged. This has a two-fold effect: 
i) cationic radionuclide species are attracted to the colloids, 
ii) the colloids are mobile in the subsurface environment, which is also 
considered to be negatively charged. 
Thus colloids can facilitate toxic metals and radionucIide transport at rates greater 
than expected based on solubility and speciation 25,26. Binary systems (radionuclide 
and mineral, or radionuclide and natural organic matter) have been examined and 
modelled in detail e g. 27 - 31, however the role of ternary systems are now under 
investigation. Although migration models have incorporated binary systems to 
predict the movement of radionucIides, they may only give a limited understanding of 
the processes involved. Of particular interest is the question of whether additive 
models e g. 32, 33, using details from binary systems, provide a satisfactory description 
of ternary systems? Or are specific ternary system models required? 
1.1.4 Methods for Examining Radionuclide in Environmental Aquatic Systems 
To aid our understanding of radionuclide migration in the environment, investigations 
are either conducted in situ (i.e. field studies) or in the laboratory. Field studies may 
be carried out by the collection and examination of natural water samples, or by tracer 
tests, although the practicalities of collecting these samples maybe problematic. Field 
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studies give an insight into the specific physical and chemical parameters of a natural 
site, and enable a 'true' understanding of the movement of radionuclides. However in 
natural systems, the information collected generally relates to only one site and is 
often complex and therefore difficult to model. Laboratory studies take the form of 
either batch sorption studies, diffusion experiments, or column experiments. 
Laboratory studies allow simple systems to be examined and modelled. However 
these systems can be over simplified compared 'real' environmental systems, and 
therefore limit their application to modelling radionuclide migration in the 
environment. Even so, work required to understand the overall process of 
radionuclide migration is far broader than suggested above. Information is also 
needed, for example, on the speciation of metals, generation of colloids, colloid 
stability and the formation of species generated from waste degradation. The aim of 
combining this broad information base, is to develop and validate computer models 
capable of predicting various evolutionary phases of a repository through to the final 
release of radionuclides into the biosphere. 
1.2 Basic Environmental Colloid and Surface Chemistry 
1.2.1 Colloid Definitions 
The IUPAC definition of a colloidal phase is a, 'system in which a dispersed phase is 
in a state of subdivision in the dispersed medium, such that at least one dimension is 
the range of 1-1000 nm 34. For environmental colloids their size is quoted as being 
submicron or, more specifically, ranging from 0.001 to 1.0 JlID. However, depending 
on the colloidal system in question this range is either extended lower for organic 
matter, or extended to an upper range of 2 - 5 J.1m to correspond to the classical c1ay-
silt boundary. The description of particle 'size' either refers to the linear particle 
dimensions (units of micrometres or nanometres) or to mass (usually in terms of 
molecular weights or Daltons). The choice largely depends on the method used to 
study the particles. Systems in which all three dimensions are in the submicron range 
are termed corpuscular, two-dimension fibrillar and one dimension laminar 35. If the 
dispersed particles are approximately the same size the system is mono-dispersed, if a 
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range of particle sizes exists then the system is poly-dispersed. Table 1.2.1.1 shows 
some examples of colloid systems. 
Table 1.2.1.1 Some examples of colloidal systems 36. 
Colloid System Description Example 
Aerosol 
Dispersion of fme liquid droplets or solid 
Fog, Mist, Smoke 
particles in a gas 
Emulsion 
Dispersion of fine droplets offat in an 
Milk 
aqueous phase 
Sol or Colloidal Dispersion of fine solid particles in a liquid Paint, Mud, 
suspension medium Slurries 
Gel Dispersion of macromolecules in liquid Jellies 
Solid dispersions Dispersion of solid particles in solid matrix 
Stained glass, 
Pigmented plastic 
Associated Surface-active substances are associated 
colloids together to form small aggregates (micelles) 
Soap, Detergents 
When considering the form of environmental colloids, two types of colloids may be 
distinguished based on their composition. Type I, known as intrinsic or 'real' 
colloids, are essentially formed of compounds of the elements considered 37. For 
example in the case of transuranic elements, they may form either by hydrolysis or 
condensation 38. Type 11, known as carrier or 'pseudo-' colloids are built up of other 
elements which are a combined with the radionuclides of interest, for example clays 
combined with Am3+ 37. 
Particularly in terms of natural and anthropogenic organic colloids, colloidal systems 
can be divided into two broad groups depending on whether the particles are 
lyophobic ('liquid hating') or lyophilic ('liquid loving') and describes the tendency of 
the surface functional group to become wetted or solvated. If the liquid medium is 
aqueous, the terms hydrophobic and hydrophilic are used. The hydrophobic colloids 
represent the sparingly soluble species, for which their lack of solubility suggests an 
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inherent resistance to interaction with water. The hydrophilic colloids tend to be polar 
and form direct hydrogen bonds with water. These characteristics are derived from 
the conditions required to produce the colloid system and from the procedure used to 
re-disperse the colloids after flocculation or coagulation. Lyophobic surfaces can be 
made lyophilic and vice versa and is generally accomplished by changing the surface 
groups of the colloid particles. 
Environmental chemical species which may be referred to as 'colloidal' include 
i) discrete molecules with sufficient size to behave as colloids 
(macromolecules), 
ii) amorphous or crystalline chemical compounds which exist in the solid 
phase as colloidal particles, 
iii) chemical species associated with (usually by sorption) compositionally 
distinct, colloid-size particles. 
Examples of a variety of natural colloidal material which have been identified in 
surface and groundwater samples are listed in table 1.2.1.2. 
Table 1.2.1.2 Typical aquatic colloids, adapted from D.L. Macalady 39. 
Hydrophobic Colloids Hydrophilic Colloids 
Phyllosilicates (clays) Macromolecular Orgauic Matter 
Iron, Manganese, and Aluminium (Humics, Micelles, etc) 
(hydr )oxides Polymer precipitates (silica gels, etc.) 
Framework Silicates 
Precipitates (Carbonates, Sulphides, 
Phosphates) 
Bio-colloids (Virus, Bacteria, 
Picoplankton) 
The importance of colloids arises from their unique physicochemical properties, 
which is dominated by their small size and dependent upon their particle shape, 
surface properties and particle interactions. Colloids can potentially have a significant 
affect on the fate and transport of contaminants in natural waters 15.39. 
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1.2.2 Properties of Colloids 
The particles in a colloidal system are sufficiently large for definite surfaces of 
separation to exist between the particles and the medium in which they are dispersed. 
Thus simple colloid dispersions are two-phase systems; the phase forming the 
particles is termed the dispersed phase and the medium in which the particles are 
distributed is termed the dispersion medium. 
The environmental significance of colloids arises primarily from their very large 
surface area per mass, which facilitates reactions between truly dissolved solutes and 
the particle surface. These heterogeneous reactions include simple electrostatic 
sorption (ion exchange), chemisorption, co-adsorption, catalysis of complexation, 
redox and hydrolysis among solute species, dissolution, precipitation and leaching. 
Simple calculations by several authors highlight the dramatic relationship between a 
decreasing particle size and increasing surface area per unit mass of suspended 
material 40.42. Thus the potential for contaminant transport can be seen. 
1.2.2.1 Kinetic Properties 
A fundamental property of a colloid phase is its stability or its ability not to form 
aggregates. For hydrophobic colloids, permanent dispersion or suspension is 
maintained by random thermal activity of water molecules known as Brownian 
motion 41,43. For this mechanism to be effective the particle must be sufficiently 
small to allow spatially uneven bombardment by water molecules 40. If this does not 
occur, the hydrophobic nature of these colloids would cause aggregation which would 
lead to the formation of larger particles and the disruption of the colloid system. 
Surface ions promote Coulombic repulsion between the particles and allow 
interactions with water molecules. NaturaIly hydrophilic macromolecules which 
more closely resemble true solute behaviour, maintain their colloid stability via 
interactions between charged functional groups and water molecule dipoles 40. 
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Brownian Motion 
Brownian motion is described as the random movement of particles in a dispersed 
medium caused by fluctuations in the density of particles due to the bombardment by 
surrounding molecules of the dispersed medium. Brownian motion is most noticeable 
for particles smaller than a few micrometres 44. 
In the absence of external forces, all suspended particles, regardless of size have the 
same average translational energy. Therefore the average particle velocity increases 
with decreasing particle mass. Thus when many particles are present Brownian 
motion results in particle diffusion, or translational diffusion. Translational diffusion 
is the transport of molecules or particles to migrate from a region of high 
concentration to a region oflow concentration by thermal agitation. 
Osmosis 
Osmosis is defined as the process in which a solvent will diffuse through a semi-
permeable membrane (permeable to solvent but not to solute), from a solution of 
lower solute concentration into a solution of higher solute concentration. The 
tendency to equalise chemical potential (and hence concentrations,) on either side of 
the membrane results in the net diffusion of solvent across the membrane. The 
pressure necessary to balance the osmotic flow across the membrane is termed the 
osmotic pressure, IT. The osmotic pressure can be used to determine the molar mass 
of macromolecules using the van't Hoffs equation: 
IT= RTp 
m 
(eq. 1.2.2.1) 
Where m is the mass of the particles, p is the density of the solvent, R is the gas 
constant and T is the absolute temperature. However the use of osmotic pressure 
measurements is limited to a relative molecular mass range of 104 - 106• Below 104, 
permeability of the membrane to the molecules under consideration is difficult and 
above 106, a low osmotic pressure will not allow accurate measurements. 
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When a colloidal system is separated from its dispersion medium by a semi-
penneable membrane, the colloid osmotic pressure is the pressure difference required 
to prevent transfer of the dissolved non-colloidal species. This is referred to as the 
Donnan pressure. Dialysis makes use of this process as a method of purification to 
purify colloidal dispersions by removing reagents or by-products from the sample 
matrix. 
Sedimentation and Centrifugation 
Sedimentation is the process due to gravitational forces (or centrifugal forces), which 
occurs where, if the particles are denser than the dispersive medium they sink. 
Counteracting gravitational forces are buoyancy and frictional forces. In a situation 
when the particles are less dense, they rise to the surface of the dispersive medium, 
and this process is known as creaming. The sedimentation velocity, vs, can be 
calculated from Stokes Law: 
Vs = [m s"] (eq. 1.2.2.2) 
Where Pc and PI are the liquid and the colloid density respectively, ? is the particle 
radius, g is the acceleration due to gravity, and 17 is the viscosity of the medium. 
From equation 1.2.2.2 it is clear that large particles will sediment at a faster rate than 
smaller particles. 
Sedimentation under gravity is a useful technique for fractionating or detennining 
--" particle size distributions. A simple example of a fractionating technique is the 
balance pan method, where the weight of the particles settling out onto a balance pan 
is measured as a function of time. However as a means of separating colloids, 
fractionation has a particle lower limit of 1 fUll. At this size, colloid movement is so 
slow it is overridden by effects of diffusion and convection. Therefore, a centrifugal 
field must be used to separate smaller colloids. The driving force, FD, during 
centrifugation being: 
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(eq. 1.2.2.3) 
Where m and v are the mass and volume of the particle, pc is the colloid density and 
cix is the angular momentum of centrifugation. 
Charge Effects 
Diffusion and sedimentation are complicated when particles are charged. Smaller 
counter-ions will sediment at a slower rate than larger colloidal particles. Thus a 
potential is set up, which increases the speed of movement of the counter-ions and 
retards the motion of the colloidal particles to restore the electrical neutrality of the 
system. For diffusion the process is reversed, therefore the counter-ions 'drag' the 
colloids along with them and increase the rate of diffusion. 
Electrophoresis 
Electrophoresis is the measurement of the movement of particles I colloids under the 
influence of an electric field. The measured velocity, vrn, can be related to the 
potential at the surface of the particles, usually called the zeta potential, (~) 45. 
Therefore electrophoresis can be used to determine the zeta potential of colloids 46,47. 
However, zeta potential is an inferred value and is actually derived from the 
measurement of the electrophoretic mobility through the use of a modified Stokes' 
law: 
(eq. 1.2.2.4) 
Where Vrn is the measured velocity, !lE is the electrophoretic mobility and E is the 
applied electric field. 
Traditionally electrophoresis measurements were made using an ultra-microscope to 
directly visualise the movement of the particles under an applied electric field. 
Technical advances have now developed Photo Correlation Spectrometry (PS C). as a 
quick and accurate method for determining zeta potentials and size measurements. 
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1.2.2.3 Optical Properties 
Optical and Electron Microscopy 
Often colloidal particles are too small to be observed optically. The practical lower 
limit of optical detection is approximately 2 Ilm. Electron microscopy (scanning and 
transmission) offers the possibility of making measurements down to 0.2 Ilffi, (see 
sections 2.5.2 and 2.5.4 for further details on Scanning Electron Microscopy (SEM) 
and Transmission Electron Microscopy (TEM) respectively). Dark-field microscopy 
may also be used to detect and provide information of colloid particles as small as 5 to 
10 nm. However, this technique relies on the particles having a refractive index 
sufficiently different from that of the suspending medium. 
Light Scattering 
Another important property of colloidal systems is their ability to scatter light. The 
interaction between a beam of incident light as it passes through a colloidal phase is 
that light is either absorbed, refracted, reflected, polarised or passes undisturbed 
through the sample. The cumulative effect is that some of the incident light is 
randomly scattered and the colloidal suspension appears turbid. The light-scattering 
properties of a given colloid suspension are related to concentration, size, shape, and 
molecular weight of the colloid particles. 
The Tyndall Effect - Turbidity 
The Tyndall effect describes the result of suspended matter scattering light to some 
extent. The amount of light transmitted through a medium undisturbed is a measure 
of the turbidity of the sample. The turbidity associated with many colloidal 
dispersions is a consequence of intense light scattering. The only 'ideal' systems that 
are devoid of light scattering are perfectly homogeneous. The turbidity of a material 
can defmed by: 
16 
!J... = exp( -'t /) 
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(eq.1.2.3.1) 
Where 10 and It are the intensity of the incident and transmitted light beams 
respectively, / is the length of the sample and 't is the turbidity of the sample measured 
in turbidity units (NTU). 
Measurement of Light Scattering 
Intensity, polarisation and angular distribution of scattered light will depend upon 
particle size, shape, interactions and the refractive indices of the phases. Therefore, 
light scattering techniques may be used to great affect for characterising colloidal 
systems. Advantages over other particle sizing techniques include; no calibration 
required, fast enough for kinetic studies, no significant perturbation to the system and 
many particles are sampled, allowing representative analysis of polydispered samples. 
However the technique is limited in concentrated dispersions where, light scattered by 
one particle may undergo further scattering by other particles before leaving the 
sample. This may be overcome by diluting the sample. In practical terms these 
measurements are made using Photo Correlation Spectrometers (PCS); further details 
on PCS instruments can be found in section 1.4.1.3. 
1.2.3 Colloid Stability 
An important property of a colloidal dispersion is its ability to be meta-stable. Colloid 
stability is dependant on any interactions between particles and surfaces encountered 
and the frequency of these encounters. The field of colloid stability is broad due to its 
relevance in many disciplines of chemistry and physics, therefore there are many 
books dedicated to examining the phenomenon, a selection are referenced here 36,45,48, 
49. Below is a basic introduction into colloid stability, however for further details 
refer to the references above and a review by Swanton 50, which gives an overview of 
colloid stability in relation to colloidal migration. 
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The main cause of colloid aggregation is due to van der Waals' long-range forces. 
These forces are counteracted mainly by electrostatic stabilisation, in part (or 
significantly in certain systems) by solvation, which may extend several molecular 
diameters, and also by 'steric' stabilisation due to the addition of certain additives, 
which are often polymeric in nature. Without an organic coating, all natural inorganic 
colloids are electrocratic; i.e. they are stabilised by repulsive electrostatic forces 
arising from the formation of an electrostatic double layer at the solid-water interface 
50 Deryagin-Landau and Verwey-Overbeek (DLVO) independently developed 
theories for the stability ofIyophobic sols, in relation to electrolyte concentrations and 
in terms of energy changes during approach. Both theories consider the repulsion 
from the double layer overlap and London, van der WaaIs forces of attraction in terms 
of inter-particle distance. Therefore colloid stability can be interpreted in terms of an 
interaction energy - inter-particle distance curves. 
1.2.4 Surface Chemistry 
The main characteristic of colloid system is the large surface to volume or mass ratio 
and a significant proportion of the atoms or molecules lie within or close to the region 
of inhomogeneity associated with the particle / medium interface. The properties of 
these atoms / molecules (e.g. energy, molecular conformation) will be different from 
those in the bulk phases. The characteristic surface properties such as adsorption and 
electric double layer effects are evident and will determine the physical properties of 
the system as a whole. Therefore the system cannot be described in terms of the sum 
of the contributions from the molecules in the bulk phases, the interfacial region mnst 
also be considered. Thus the surface chemistry of the interfacial molecules is 
important to the properties of the colloidal system. The following points demonstrates 
the importance of particle size and thus surface area. 
1.2.5 The Importance of the Interface 
Most chemical processes in natural aquatic systems occur at the surface of minerals, 
inorganic and organic particles. Therefore much research has focused on the sorptive 
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properties and processes of environmental surfaces in an attempt to predict the 
retardation and mobility of contaminants and pollutants present in natural aquatic 
systems. The inclusion of natural organic matter (NOM) has increased the complexity 
of these systems. Furthermore the inclusion of the domiuating characteristics of a 
colloidal phase, requires the consideration of the large surface area-to-mass ratios and 
hence an increase in the number of surface sorption sites. However a basic 
understanding of solid solution sorption processes is required to enable consideration 
of complex aquatic systems. 
1.2.5.1 Adsorption at the Interface 
Sorption can be described as a process by which solutes are lost from solution onto 
the surface of a co-existing solid phase 41. The solute can be defined as a substance 
dissolved in a solvent and the solvent as continuous phase of solution in which the 
solute is dissolved. Adsorption can be defmed as the accumulation of a substance or 
material at an interface between the solid surface and the solution phase 40. 
Adsorption can include the removal of solute molecules from the solution, or solvent 
from the solid surface, or the attachment of the solute molecule to the surface 42. 
Adsorption does not include surface precipitation, ion exchange, or polymerisation 
processes. However adsorption, surface precipitation, ion exchange, and 
polymerisation are all examples of sorption, a general term that is used when the 
retention mechanism at the surface is unknown. 
Before proceeding further with the discussion it would be useful to defme a number of 
terms relating to the retention of ions and molecules to a surface interface: 
the adsorbate is the material that accumulates at an interface, 
the adsorbent is the solid surface on which the adsorbate accumulates, 
the adsorptive is the molecule or ion in solution that has the potential to be 
adsorbed. 
If the general term sorption is used, the material which accumulates at the surface, the 
solid surface, and the molecule or ion in solution which can be sorbed are referred to 
as sorbate, sorbent, and sorptive, respectively 42. 
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Adsorption is often described as specific or non-specific (or generic, or indifferent), 
although various authors have used different definitions 37. Lyklema 52, described 
'specific adsorption' as adsorption which is different for each type of ion of the same 
valance and is not influenced by electrical potential. Hence non-specific adsorption is 
adsorption which is the same for all ions of a given valancy. However specific 
adsorption is described by Hunter 45 as adsorption which is influenced by forces other 
than electrical potential, i.e. of a chemical or physical nature. 
Adsorption is closely linked with electroneutra1ity 52, i.e. if a cationic species is 
adsorbed it will always be accompanied either by the adsorption of anions, or the 
desorption of equivalent cations to balance the overall charge 37. Therefore adsorption 
is closely related to surface charge and zeta potentials. Hence zeta potentials are often 
used to determine specific and non-specific adsorption. The isoelectric point (i.e.p.) 
of a material is the pH at which it has zero zeta potential (~) i.e. the net charge of the 
system is zero. If the addition of an electrolyte has no effect on the i.e.p., adsorption 
is thought to occur non-specifically, whereas if the electrolyte changes the i.e.p. 
adsorption is thought to occur specifically. Also, if the electrolyte does not effect the 
i.e.p. it may be said that this coincides with the 'point of zero charge' (pZC), where 
the surface has an overall charge of zero (1jI = 0) 37. The PZC does not necessarily 
equal the i.e.p. pH exerts dramatic effect on surface charge and zeta potential, 
showing that If'" and OIr are both potential determining ions. Specifically adsorbed 
ions may also be recognised by their ability to reverse the sign of zeta-potential, 
whereas non-specific adsorbed ions can only reduce the zeta-potential to zero. 
1.2.6 Adsorption Mechanisms 
There are two methods by which a molecule or atom can attach to a surface. In 
physisorption, there are van der Waals interactions (e.g. a dispersion or dipolar 
interaction) between the adsorbate and the adsorbent. The van der Waals interactions 
are weak but occur over relatively long ranges. In chemisorption, the adsorbate 
associates with the adsorbent by forming chemical bonds, preferentially bonding with 
sites that maximise the co-ordination number of the adsorbate 53 Particular 
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physisorption and chemisorption processes relative to the solid-solution interface are 
detailed below: 
i) Surface complexation reactions - involve the formation of co-ordinate 
bonds at the surface with metals and Jigands. 
ii) Electric mteractions at surfaces extend over longer distances than 
chemical forces. 
iii) Hydrophobic expulsion (hydrophobic substitution) - involves non-polar 
organic solutes that are usually only sparingly soluble in water and tend to 
reduce their contact with water. Such molecules seek relatively non-polar 
environments and may accumulate at solid surfaces and may become 
adsorbed on organic sorbents. 
iv) Adsorption of surjactants (molecules containing hydrophobic and 
hydrophilic moieties) - interfacial tension and absorption are intimately 
related through Gibbs adsorption law; its content expressed in simple form 
is that substances that tend to reduce surface tension tend to become 
adsorbed at interfaces. 
v) Adsorption of polymers and polyelectrolytes - most importantly humic 
substances and proteins. This is a general phenomenon in natural waters 
and soil systems that has far reaching consequences for the interaction of 
particles with each other and on the attachment of colloids (and bacteria) 
to surfaces. 
The total interaction of an absorbent molecule with a surface may involve more than 
one type of interaction, depending on the chemical structure of both components and 
the physical conditions of the system. 
1.2.6.1 Surface Complexes 
When the interaction of a surface functional group with an ion or molecule present in 
the solution phase creates a stable molecular entity, it is called a surface complex. 
The overall reaction is referred to as surface complexation. There are two types of 
surface complexes that can form; outer-sphere and inner-sphere complexes 43. An 
outer-sphere complex occurs if a water molecule is present between the surface 
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functional group and the bound ion or molecule 56. An inner-sphere complex occurs if 
a water molecule is not present between the ion or molecule and the surface functional 
group. Examples of an inner-sphere and outer-sphere complex are shown in figure 
1.2.6.1. 
Figure 1.2.6.1 Examples of inner- and outer-sphere complexes formed between metal 
cations and siloxane ditrigonal cavities on 2:1 clay minerals 41. 
INNEIWIPHERE SURFACE COMPLEX: OUTEIWIPHERE SURFACE COMPLEX: 
K+ ON VERMICUure Ca(H.<llr ON MONTMORlLLONITE 
The outer-sphere complexes involve electrostatic Coulombic interactions and are 
therefore weaker than inner-sphere complexes in which the binding is covalent or 
ionic. Outer-sphere complexation is usually a rapid reversible process. Adsorption 
by outer-sphere complexation occurs only on surfaces that are of opposite charge to 
the adsorbate, thus this mechanism is affected by the ionic strength of the solution 
phase 40. 
Complexation via an inner-sphere mechanism will be largely due to bonding of a 
covalent nature, with the hydroxyl surface groups acting as a-donors to increase the 
electron density of the metal ion. Inner-sphere complexation is usually slower in 
comparison to outer-sphere complexation and is often irreversible. Inner-sphere 
complexation can increase, reduce, neutralise or reverse the charge on the sorptive 
regardless of the original charge 40. Therefore adsorption of ions via inner-sphere 
complexation can occur on a surface regardless of the surface charge. Thus inner-
sphere complexes are very important in determining the chemistry at the surface. 
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Although different, it is important to consider that both outer- and inner-sphere can, 
and often do, occur simultaneously. 
Sturmn 47,48, has considered sorption in terms of inner- and outer- sphere complexes 
with the two basic processes being co-ordinate bonding i.e., surface complexation, 
and hydrophobic adsorption. The formation of these co-ordinate bonds is based on 
the assumption that inorganic colloids behave as extended structures which, bear 
surface functional groups such as those found in solute ligands (e.g. -OH groups). 
Ligands may also replace surface -OH groups and form ligand-surfaces complexes, 
which can in turn interact with toxic metals. Table 1.2.6.1 shows schematic 
representations of the reactions expected for W, OIr, cations and ligands at the 
surface. It is assumed here that the reacting surface group are S-O H, where S 
represents the surface and -OH, the OIr group. Many other types of surface groups 
could also be used, for example: 
SOH S(OH)3 
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Table 1.2.6.1 Schematic representations of the reactions expected for W, OIr, 
cations and ligands at the surface 37. 
Equilibria Reactions at Surface 
Acid-Base 
SO-H + H+ ~ S-OH2 + 
S-OH + (OH-) ~ S-O-(+H20) 
S-OH + MZ+ ~ S_OM(Z-I)+ + H+ 
Metal (M) Binding 2S-0H + MZ+ ~ (S_OhM(z-2)+ + 2H+ 
S-OH + MZ+ + H20 ~ S-OMOH(z-2)+ + 2H+ 
S-OH + L- ~ SoL + OIr 
Ligand (L) Exchange 
2S-0H + L- ~ S2"L+ + OIr 
Ternary Surface Complex S-OH + L - + MZ+ ~ S-L-Mz+ + OH-
Formation 
S-OH + L- + MZ+ ~ S_OM_L(z-2) + H+ 
1.2_6.2 Adsorption of Small Ions 
The study of metal cation adsorption at aquatic interfaces has been widely studied and 
modelled e g 36, 41, 51, 59 - 73. Its occurrence may be affected by both physical and 
chemical factors (e.g_ temperature, pH, ionic strength, mineral type, presence of 
NOM, etc). Compared with the adsorption of small, uncharged molecules, the 
adsorption of small ions is strongly, but not exclusively, determined by electric 
interactions, thus many techniques have been used to describe and study these effects 
52 
Thermodynamically, an ion i is considered to be absorbed (i.e. bound to the surface) if 
it contributes to the surface excess concentration, r" of that ion. According to the 
Gibbs convention, r, equals the total amount of i in the system, minus the amount of i 
in the adjoining two phases, which are considered to be of constant bulk composition 
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up to the so-called 'Gibbs dividing plane'. The value ofr, is dependant on where the 
Gibbs dividing plane is located and assumes that all excess material is concentrated in 
that plane irrespective of the physical position of the adsorbed species i. 
Non-thermodynamic methods (e.g. spectroscopic, electrokinetic) measure different 
properties of ion adsorption and therefore may give very different results. Using a 
spectroscopic technique that can measure alterations in the solvation layer of an ion, 
an ion may be considered as 'bound' if it had zero, one, or perhaps even two solvated 
molecules between it and the surface. Therefore the amount absorbed is expressed in 
terms of moles per unit area, which would not necessarily agree with the 
thermodynamic r, based on an agreed dividing plane, since the latter could well 
include ions with a solvation sheaths indistinguishable from those in the bulk. 
Hence different experimental techniques may measure different fractions of the 
adsorbed ions. The problem is further complicated by the possibilities of multi-layer 
sorption, where sorbed species retains a charge thus enabling further species to sorb to 
a 'new' surface. It is therefore essential that measurement techniques and 
interpretation assumptions are specified. 
1.2.6.3 Adsorption of Macromolecules 
In some aspects the adsorption of macromolecules and the adsorption of small 
molecules differ drastically. This difference is due to the large number of binding 
sites and conformations that the macromolecule can assume, both in the bulk solution 
and at the interface. For large flexible macromolecules, the entropy loss per molecule 
upon adsorption is greater than for smaller molecules or for rigid macromolecule 
chains. However, the change in energy is also much higher owing to the many 
possible binding sites per molecule. Since for macromolecules it is the impossible to 
describe each configuration at any instant in detail, statistical methods are required to 
theoretically describe macromolecule adsorption. The differences between large and 
small molecule adsorption must also be considered from an experimental viewpoint, 
since the establishment of the adsorbed amount is not enough to describe the state of 
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the macromolecule adsorption. Information regarding the bound fraction, layer 
thickness and density distribution may also be required 59. 
1.2.7 Adsorption in Environmental Aquatic Systems 
In relation to toxic metals and contaminants, adsorption onto inorganic surfaces, 
including colloids, can either occur directly, or onto another species (organic or 
inorganic) which itself may be absorbed onto the inorganic or colloid surface, (a 
ternary system). Currently research is trying to achieve a better understanding of 
environmental adsorption processes. Sorption may be described as weak or strong 
and there is the possibility that toxic metals and contaminants may become sorbed for 
long periods oftime (apparently 'irreversibly'), by mechanisms such as migration into 
the mineral lattice followed by collapse, or mineralisation of the surface 37. 
1.2.7.1 Ion Exchange and Precipitation 
Although ion exchange and precipitation are not forms of sorption they are however 
sometimes mistaken for adsorption processes. 
Ion exchange is the interchange between an ion in solution and another ion on a 
charged surface 74. It involves electrostatic interactions between a counter-ion on a 
charged particle surface and counter-ions in a diffuse cloud around the charged 
particle 40. Ion exchange is usually rapid, diffusion controlled, reversible, 
stoichiometric, and in most cases there is some selectivity of one ion over another by 
the exchanging surface. When evaluating inorganic mineral systems there are two 
considerations in terms of cation exchange capacity. The first is a non pH-dependent 
contribution, and is due to isomorphic substitution of one atom by another of lower 
valency (e.g. Ae+ for Si4l. This creates an overall negative charge on the surface 
which may be compensated by the presence of cations. The second is a pH-dependant 
contribution and arises from the presence of 'broken bonds' at the edge of the 
inorganic mineral surface, balanced by adsorbed W or OH" ions to achieve full co-
ordination of the surface species. Wand OH" are absorbed depending on the pH of 
the system and may be exchanged for other ions in the system. 
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Although precipitation is not an adsorption process, experimentally it can have the 
same effect and therefore must be considered. Precipitation is the formation of an 
insoluble compound from a solution onto the solid surface. It occurs either by the 
interaction of two salts or by a change in the physical condition of the system (e.g. pH 
or temperature) thus affecting the solubility of the solute. 
1.2.8 Chemical Thermodynamics and Kinetics 
Natural waters obtain their composition through a number of chemical reactions and 
physicochemical processes. Mathematical models are often used to describe the 
chemistry of natural waters. Figure 1.2.8.1 portrays the agenda of aquatic chemistry 
in broad outline. The essential connection between natural system observations, 
models, and experiments are emphasised 42. 
Figure 1.2.8.1 An outline of the components of aquatic chemistry. Observations on 
aquatic systems and laboratory experiments are connected through 
models describing the composition of the system ofinterest 42. 
AQUATIC SYSTEMS 
OBSERVATIONS 
Waters, Particles, 
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LABORATORY 
EXPERIMENTS 
Thermodynamics 
Chemical Kinetics 
Bioreaction Rates 
Mass Transfer 
There are three alternative models used for natural water systems: thermodynamic 
models, kinetic models and combinations of both thermodynamic and kinetic models. 
Thermodynamic or equilibrium models, have been developed more extensively than 
kinetic models. They are simpler and require less information, however they can be 
used as a powerful tool for describing aquatic systems providing the assumptions 
made for the system are appropriate. Kinetic models are often required as they 
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account for the rates of chemical reactions that may occur within an aquatic system. 
Therefore more complex models have been developed to incorporate both 
thermodynamic and kinetic models to give an increased understanding of an aquatic 
system. 
The other important consideration in predictive modelling is whether the system is 
considered as open or closed. If the system is closed or in a stationary-state the 
composition of the water is determined at a specific point, i.e. the system is time-
invariant. Thus the physical conditions and the concentration of species present are 
fixed. Therefore the composition of the system depends only on reactions that may 
occur conceming the species present at that time under the fixed conditions. If the 
system is an open or continuous system the model must consider the variation of 
physical conditions and the in-flux or out-flux of species from the system. Figure 
1.2.8.2 is a schematic diagram of a natural water system. The composition of natural 
waters, symbolised by the concentration of a constituent A (CA), results from the 
chemical reactions in the water itself. The reactions are a result of processes that 
transfer constituents between the water and other parts of the system (atmosphere, 
solid matter in suspended or sedimentary form, the biota, and other liquid phases), and 
from fluxes in and out of the system. Therefore for an open system the concentration 
of Ais: 
(eq. 1.2.8.1) 
Where nA is the number of moles of A and V is the volume of water. CA can be 
altered by variation in nA brought about fluxes, transfers, and reactions. For the 
closed or time-invariant system of the chemical composition of the water, CA" is 
given by: 
dCA 
-=0 
dt 
(eq. 1.2.8.2) 
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Figure 1.2.8.2 General representation of a natural water system treated as a open 
system. The system receives fluxes of matter from the surroundings 
and undergoes chemical changes, symbolised by the reaction A = B. 
The time-invariant condition is represented by deAl dt = 0 42. 
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Ultimately these models are developed to predict the distribution and composition of 
species in natural waters. Although the development of an overall model that could 
be applied to many aquatic systems would be ideal, this is unlikely as aquatic systems 
may differ enormously. Therefore many models that are developed are site specific, 
they consider the physical and chemical attributes of one aquatic site. Currently this 
allows some understanding of aquatic systems, however eventually an understanding 
of how these discrete 'site' models interact with each other will require development. 
1.2.9 Descriptions and Models for Adsorption 
Adsorption can be described in several different ways depending on the requirements 
to interpret or use the data. To focus on the basic chemistry associated with the 
laboratory work presented later within this report, the following section specifically 
examines equilibrium-based adsorption models. There are numerous equilibrium-
based models used to describe sorption at the solution-solid interface. These include 
the K.t concept, sorption isotherms and complexation models 57,58,59,75.80. However 
the simplest method often used is to represent the adsorption as a percentage of the 
amount sorbed per surface area unit (or mass of adsorbent), against a variable of 
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interest (e.g. pH, temperature, etc.). This interpretation offers the advantage of 
simplicity and is able to show trends in the data. The following sections outline the 
various methods used for describing adsorption data. For further detail refer to 
Stumm and Morgan 58 and Warwick 75. 
1.2.9.1 The K.t Concept 
K<J is the ratio of the absorbate between the solid phase and the solution phase, and 
can be represented by equation 1.2.9.1 for a simple batch isotherm experiment: 
(eq. 1.2.9.1) 
Where, CsolId (mol g-l) and Csoln. (mol dm-3) are the total equilibrium concentrations of 
the absorbate sorbed and in solution respectively_ K<J assumes that the sorption is 
reversible, rapid and independent of the solute concentration. Criticisms have been 
made into the experimental determination and use of K.t values as it is strictly a 
thermodynamic parameter and the assumptions made must be adhered too 40, 58, 69_ 
During the experimental measurement of adsorption the following questions must be 
asked: 
Is precipitation occurring? 
Have the unoccupied surface sites been filled? 
Has there been complete phase separation in the batch adsorption 
experiments? 
Is the adsorption rapid? 
Is the adsorption reversible? 
If these assumptions are not met (or known), then a distribution ratio CRI) is obtained_ 
Co-C R,t=--
C 
(eq. 1.2.9.2) 
Where, Co is the initial concentration of the absorbate in solution and C is the 
concentration of absorbate in solution after sorption. 
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The distribution ratio can also be detennined experimentally from a reciprocal plot of 
the concentration of absorbate sorbed to the solid (Csolld) against the concentration of 
absorbate remaining in the solution phase (Csoln.). An example of the plot is given in 
figure 1.2.9.1 below. 
Figure 1.2.9.1 Calculation of a R.. value from experimental data. 
1/CSOlid 
(g mor') 
.• -1/Csolid max. 
Slope = Rd x 1/Csolidmax. 
The limitation of K.t values are that they give no information about adsorption 
mechanisms but simply give a measurement of the overall interaction of the metal 
with a surface. Most metal I surface interactions can be treated as linear over small 
changes in the metal concentration but are non-linear over large concentration 
changes 75. Therefore isotherms may be used to describe non-linearity. However, K.t 
values are still used as they often lead to simple analytical solutions for transport 
equations and for many contaminants may be described well by a linear sorption 
isotherm 75. 
1.2.9.2 Adsorption Isotherms 
Adsorption isotherms are purely a method for describing macroscopic data and do not 
definitely prove a reaction mechanism. An adsorption isotherm describes the relation 
between the activity or equilibrium concentration of the adsorptive and the quantity of 
the adsorbate on the surface at constant temperature. 
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Adsorption can be described by four general types of isothenns; S-, L-, H-, and C-
type isothenns, and are shown in figure 1.2.9.2. 
Figure 1.2.9.2 The four general types of adsorption isothenns 40. 
50 L-curve 
40 S-curve 40 
~ ~ 
'", 
» 30 ... 30 
"0 ~ Anderson sandy E 20 20 clay loam E E pH 8.2 298 K 
:. Altamont cloy loam ii. 1=0.0211 
rY 10 pH 5.1 298K IT 1=00111 10 
00 4 B 12 16 0 
C"rmmolm" PT"mmolm-3 
0.80 H-curve 
0.60 150 C-curve 0 
.,. ~ 
'" ~100 ! 0.40 
0 Boomerloam "0 E pH7.0 298K [ Har-Barqan cloy E 1-0.00511 50 parathion adsorption _ 0.20 0-B fromhexane 
IT 
0 0.0 0.10 0.15 0.20 0.25 10 20 30 40 
Cd,. mmol m" C.mmolm-3 
A summary of each type is given below 40: 
- S-type isotherm - the slope initially increases with adsorptive concentration, 
but eventually decreases and becomes zero as the vacant sites are filled. 
This type of isothenn indicates that at low concentrations the surface has a 
low affinity for the adsorptive which increases at higher concentrations. 
- L-type isotherm (Langmuir) - the slope decreases as the adsorptive 
concentration increase, since vacant adsorption sites decrease and adsorbent 
surface becomes covered. Such adsorption behaviour could be explained 
by the high affInity of the adsorbent for the adsorptive at low 
concentrations, which is then decreasing as adsorptive concentration 
increases. 
- H-type isotherm - is an indication of a strong adsorbate-adsorptive 
interaction such as an inner-sphere complex. 
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- C-type isotherm - is an indication of a partitioning mechanism whereby 
adsorptive ions or molecules are distributed or partitioned between the 
interfacial phases and the bulk solution without specific bonding between 
the adsorbent and adsorbate. 
Experimental evaluation of adsorption measures the change of concentration of the 
adsorbate in the solution phase. A decrease in adsorbate concentration denotes that 
adsorption has occurred. Adsorption isotherms, e g. Langmuir and Freundlich, show 
the relationship between the solution phases concentration, Cao/n. (mol dm·3), of an 
absorbent (A) and the amount sorbed, Caolld (mol g.I), at constant temperature and at 
equilibrium. Further details of the Langmuir and Freundlich adsorption isotherms can 
be found in appendices 7.1 and 7.2 respectively. When examining sorption isotherms 
there are several important aspects to consider, for example the shape of the isotherm 
and the significance of the plateau region found in many isotherms, or the effect of 
chemical parameters such as pH, ionic strength and temperature. 
The appeal of an isotherm is its apparent simplicity. Thus many authors use isotherms 
to explain experimental results e g 81 - 8S. However, in general, isotherms only include 
the effects of the absorbent concentration, and ignore the influences of other variables 
such as adsorbent competition. Isotherms are also not applicable outside the 
experimental range studied and lack thermodynamic basis thus sorption behaviour 
cannot be easily predicted. 
1.2_9.3 Surface Complexation Models 
Due to the deficiencies in the Gouy-Chapman and Stem models, the retention of ions 
on soil surfaces has been described using surface complexation models (SCM). 
SCM's are used to describe the surface interactions between the solid and solution 
phases. SCM's are often chemical models that are based on molecular descriptions of 
the electric double layer using equilibrium-derived adsorption data 86. SCM are 
capable of simulating the adsorption of aqueous solution species as a function of pH, 
absorbent concentration and ionic strength. For modelling purposes SCMs provide an 
advantage over K.J values, as SCMs represent surface chemical reactions with a set of 
thermodynamic constants, which are independent of changes in solution conditions 37. 
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SCMs include constant capacitance (CCM), diffuse layer (DLM) and triple layer 
(TLM) models, all of which have been used to describe surface chemical reactions. 
Although the precise details of the models vary, the basic concepts are the same 86: 
i) there are specific sites on a solid where sorption reactions take place, 
ii) these reactions can be described quantitatively, via mass action equations, 
iii) the charge on the surface results from the sorption reactions. 
Differences in these models lie in the description of the electric double layer, i.e. in 
the definition and assignment of ions in the planes or layers of adsorption, in the 
differences in the electrostatic equations and in the relationship between the surface 
potential and surface charge 36. Two types of data can be obtained from these models: 
mass balance data, i.e. the quantity of a material that is adsorbed, and information that 
can be used to describe electrokinetic phenomena 87. Common terms found in surface 
complexation models are surface charge balance, electrostatic potential terms, 
equilibrium constants, capacities and surface charge densities. 
1.3 Environmental Colloids and Geological Materials 
Before in situ or laboratory studies are undertaken, it is preferable to have background 
knowledge of the types of environmental colloids and geological materials that maybe 
encountered in the Drigg groundwater aquifer system. The following work aims to 
give an overview of this area in the context of the in situ and laboratory studies 
discussed later in this work. 
1.3.1 Inorganic Soil Mineral Surfaces 
The inorganic components of soils include both primary and secondary minerals, 
which range in particle diameter size from clay colloids « 1 J.Ull) to gravel (> 2 mm), 
stones and rocks. A mineral can be defined as a natural inorganic compound with 
definite physical, chemical and crystalline properties 40. A primary mineral is defined 
as a mineral that has not been altered chemically since deposition and crystallisation. 
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Examples of common primary minerals are quartz, feldspar, pyroxenes and micas. A 
secondary mineral is defmed as a mineral that results from the weathering of a 
primary mineral, either by an alteration in the structure or from re-precipitation by the 
products of weathering. Common examples of secondary minerals in soils are the 
aluminosilicate clay minerals such as montmorillonite and kaolinite, oxides such as 
gibbsite, goethite, and bimessite, amorphous materials such as imogolite and 
allophane, and sulphur and carbonate minerals 40. 
1.3.2 Natural Organic Matter (NOM) 
Natural Organic Matter (NOM), in its broadest sense, refers to the complex 
chemically and physically diverse group of substances that result directly or indirectly 
from photosynthetic activity of plants 39. However for the purpose of environmental 
chemistry, the tenn is limited to substances resulting from the partial decay of detrital 
material from terrestrial and aquatic plants. NOM has been classified according to a 
wide variety of schemes. One of the preferred schemes involves the origin of the 
plants which serve as a starting material for the NOM. Figure 1.2.3.1 illustrates a 
schematic diagram of such a scheme. 
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Figure 1.3.2.1. Some of the many possible flow paths for NOM 39. 
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1.3.2.1 Humus and Humic Materials 
Humus results from the incomplete decay of plant litter. Humus is composed of a 
group of organic molecules that defY complete chemical characterisation due to their 
complexity and location variation. Therefore classification of humus is consequently 
based on empirical separation schemes such as the solubility separation. A simple 
schematic of the solubility approach is shown in figure 1.3.2.2. 
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Figure 1.3.2.2. Schematic of the solubility approach for classification of humus 88. 
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Regardless of the isolation I definition scheme, humic and fuIvic acids constitute a 
major fraction of any NOM sample. Consequently much research has been 
undertaken to establish the role of humic and fuIvic acids in natural aquatic systems. 
Of particular interest are humic acids. Several hypothetical structures have been 
proposed, for example figure 1.3.2.3 illustrates the proposed structure by Stevenson 
88 
Figure 1.2.2.3 Proposed structure for humic acid 88. 
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The effect of climate and geochemical environment on the properties of humic 
substances can be seen from the range of chemical properties and functional group 
distributions found when comparing samples from different geographical regions. It 
is generally accepted that mineral bound humic substances may modifY mineral 
surfaces by changing the nature and number of complexation sites. Thus adsorptive 
enriclirnent of the reactive surface or an increase in binding site concentration can 
exceed that of dissolved colloidal substances by two orders of magnitude, therefore 
providing a major sink for the removal of contaminates in aquatic systems 88. Another 
characteristic of humic substances is multi-layer sorption. Surface bound humic 
molecules provide further functional groups or 'binding sites' for further humic 
molecules to bind to the surface. Reactivity is primarily determined by the structure 
and bulk chemistry properties of the humic substances and its associated solution 
chemistry 43. The structure of sorbed humic substance is controlled by: 
i) the number of attachment points and the degree of ionisation of 
carboxylate and hydroxyl sites on the humic substances, 
ii) the configuration of the humic substance in solution, 
iii) the density, distribution, and reactivity of surface hydroxyl sites and other 
micropographic features of the humic substance 43. 
Specifically, humic substances sorb to mineral surfaces via similar processes to those 
described for organic contaminant mechanisms e.g. ligand exchange, cation and water 
bridging, hydrophobic sorption, and hydrogen bonding 43, (for further details on 
humic substance sorption mechanisms see section 4.5.3). In general sorption of 
humic substances increases with decreasing pH in response to positive charge 
development on the sorbents. This pattern is consistent with ligand exchange between 
carboxylic groups on the humic substance and inorganic surface hydroxyl groups. It 
has been concluded that the sorptive processes are not just dominated by chemical 
bonding, but rather by entropic stabiIisation and weaker physically associated 
hydrophobic interactions 54,55. 
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1.3.3 Environmental Colloids 
The presence and distribution of natural and anthropogenic chemicals and metals in 
natural waters are often strongly influenced by their partitioning between solid and 
aqueous phases 40. It is therefore common to describe a 'two-phase' system of 
solution-solid interactions where contaminants are either present as stationary solid 
phases or as mobile, aqueous phase solutes. The reality is, however, that most water 
systems are three-phase, the third phase being a mobile solid phase as dissolved or 
suspended matter. A certain portion of suspended matter, the largest particles fIrst, 
will settle out of the aqueous phase over time and thus be removed from the mobile 
phase. However, by some estimates as much as fIfty percent of the suspended matter 
in natural waters is colloidal and represent a 'permanent' phase. 
1.3.3.1 Formation of Environmental Colloid 
Inorganic colloids in groundwater can arise from various sources and may be 
dispersed and stabilised by hydrogeochemical mechanisms. Inorganic colloids are 
formed from the surrounding environment by disaggregation I dissolution and 
entrainment. There are three broad mechanisms of inorganic colloid formation in the 
environment 38. 
i) Colloid formation by detachment from immobile soil and minerals in an 
aquifer systems. 
This is predominately due to erosion and mechanical re-suspension of non-
cemented small grain size particles, which form the in-fill material of the 
aquifer. Geochemical, hydrochemical and biological processes act upon 
larger inorganic materials; for example, the dissolution of cements, 
deflocculation of stable aggregates or disaggregation as a result of changes 
in ionic strength. These processes may yield layer silicate clays or silica 
colloids. 
ii) Colloids formed in situ by supersaturates mineral solutions. 
Inorganic colloids may be generated by physicochemical alteration of 
minerals in contact with the flowing groundwater resulting in precipitation, 
followed by detachment. Changes in geochemical parameters, such as pH, 
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ionic composition, redox potential or partial C02 pressure may induce the 
supersaturation of a readily precipitated phase. Specifically changes in 
flow rate, EH, and pH have been shown to induce colloid generation 53, 54. 
These changes could either occur from natural geochemical changes or 
contaminates infiltration. These precipitated colloids may include hydrous 
oxides or ion and manganese, calcium carbonates, iron sulfides, as well as 
metal or radionuclide oxides, hydroxides, carbonates or sulfides. 
iii) Translocated colloids from a recharge zone. 
Leaching as a result of water flow can move a range of clay particles. 
Principally colloids formed by biological activity will be organic-rich colloids 
originating from the death of microbes and bacteria. However inorganic colloids may 
be formed by biologically mediated precipitation or dissolution. 
As the water flows through the aquifer compositional changes occur finally resulting 
in an equilibrium of the water with the primary minerals and the formation of a series 
of secondary mineral precipitates. Inorganic colloids are mainly generated when 
conditions change in the system, but also when the system enables colloids to remain 
stable. Table 1.3.3 summarises the major forms of environmental colloid generation 
and details specific examples. These processes may apply to both the near field and 
far field repository environments. 
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Table 1.3.3 Environmental colloid generation. 
Generation Example 
- suspension of primary or authigenic clays 
-
suspension of oxides and oxyhydroxides 
- dissolution of humic / fulvic acids in soil 
Disaggregation / dissolution and profiles 
entrainment - weathering of framework silicates 
- acquisition of atmospheric dust by rain 
-
erosion of mineral and rock fragments 
from tailing piles or soil profiles 
- precipitation of calcite due to pH changes 
- precipitation of iron oxides and/or 
Aqueous phase precipitation due to 
sulphides due to redox changes 
changing chemical / physical 
-
formation of complex phosphate mineral 
conditions 
suspensions at chemical interfaces 
- polymerisation of silica due to pH changes 
- growth and death of microbes 
- production of fibrils, organic skeletons, 
Biological activity and protein-rich cell fragments 
- biologically mediated precipitation or 
dissolution 
Within the near field of a deep nuclear waste repository, the most important 
mechanism for colloid formation is thought to be nucleation (Le. by in situ 
supersaturation) due to the high concentration of polyvalent actinide ions 89. This 
mechanism has been examined extensively by many authors e g. 89 - %. Cementitious 
colloids are also expected to be of importance within the near field, as the cements 
pass into solution particle formation will occur containing elements such as silicon, 
calcium, aluminium, iron and titanium 70.97 -100. Bates et al. have also determined the 
formation of actinide colloids during reactions with high level nuclear waste glasses 
\01 
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Within the far field, inorganic colloids are thought to be representative of the 
surrounding geological material 102. 103. These colloids are found universally in the 
earths crust 92 and fonned by the mechanisms described above. Far field colloid 
fonnation and occurrence is further discussed in other works 70.93.104 -107. 
1.3.3.2 Mobility of Environmental Colloids 
Movement of colloids in porous media involves all the mechanisms of surface and 
groundwater transport, but with the added complications of finite pore sizes, complex 
flow paths, and abundant opportunity to interact with the solid aquifer matrix. This is 
illustrated in figure 1.3.3.2, and is described in detailed by McDowell-Boyer et al 40. 
52 
Figure 1.3.3.2 Important processes controlling colloid mobility in porous media 40. 52. 
A Sedimentation 
B Interception 
.. 
C Diffusion I Interception 
Major Groundwater Flow Path 
D Straining 
E Generation 
Since there are processes, which remove both 'large' and 'small' particles in porous 
media, it has been observed that each medium has an optimum particle size for 
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transport 53. The processes controlling colloid flow in an aquifer have been clearly 
demonstrated by tracer experiments undertaken by Harvey et al. 54. These field 
studies were conducted between monitoring wells in a glacier aquifer using 
fluorescent-labelled bacteria and sub-micrometre latex spheres. The test 
demonstrated that micrometre and sub-micrometre particles can easily migrate in 
porous media and the chemical functionality of the spheres (i.e. carboxyl, carbonyl, 
uncharged) affected their retention and retardation. 
1.3.3.3 Colloid Facilitated Migration of RadionucIides in the Geosphere 
An important concern for colloid-facilitated transport of contaminants is that of 
radionuclide transport. A number of studies have indicated that radionuclides are 
mobile in groundwater, and that their mobilities may be due to colloid transport. 
Other investigations have aimed to understand the generation and stability of these 
radionuclide-bearing colloids. A better understanding will allow more sophisticated 
transport models and enviromnentaI risk assessments to be developed. 
Several studies have investigated the migration of radionuclides in the enviromnent 
from natural and artificial (e.g. nuclear detonation sites) sources eg. 26. 38. 58. 75. 93.108-
126. In some studies the results suggest that inorganic colloids played little or no effect 
on the transport of radionuclides, such as the Paducah Gaseous Diffusion Plant in 
Kentucky 119, Alligator Rivers, Australia 120, and the Cigar Lake Natural-Analogue 
Program lll. However, other studies did support the theory of colloid-facilitated 
radionuclide transport, such as at Menzenschwand in the Black Forest of Germany 115, 
the Nuclear Test Site in Nevada 26, the Koongarra uranium deposits in Australia, 116, 
and the Whiteshell Research Area 112. At the Nevada Nuclear Test Site, colloid 
associated radionuclides were isolated at concentrations approximately 10 mg dm-3 in 
the cavity formed by the test. Results showed the approximately 100 percent of 
cerium, europium, manganese and cobalt activity was found associated with the 
inorganic colloids, mainly of quartz and feldspar. These colloids were found 300 
metres outside the test cavity, indicating colloid transport 26. 38. 117. 118. Work by Urn 
and Papelis used natural colloids generated from zeolitized tuff from the Nevada 
Nuclear Test Site and the effects of colloids on the transport of Pb (IT). The authors 
concluded that approximately 75 - 90% of eluted Pb (II) was transported as colloid 
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associated phase and hence highlighted the significant implications of colloids on the 
transport of radionuclides 12S. Kersting et al. examined the migration of plutonium 
Nevada Nuclear Test Site 126. Plutonium originating from a nuclear test was detected 
1.3 km from the test site. Therefore supporting the conclusion that colloidal 
groundwater migration must play a role in the transportation of plutonium and that 
current models are unsatisfactory for the prediction of the effects of colloids on 
radionuclide transport. Studies of the transport of americium and plutonium were 
investigated through a shallow aquifer in a semi-arid region liS. Predictions based on 
Kd values, measured on the soil materials indicated americium and plutonium 
transport of a few metres. However, observations showed transport of several 
kilometres. A variety of research has been undertaken on generation, distribution and 
the chemical interactions of actinide ions with natural aquatic colloids in the Gorleben 
aquifer system 70, 93, 121 • 124. The Gorleben salt dome is the proposed site for 
radionuclide disposal in Germany. Kim et al. used parallel membrane filtration to 
examine the generation of actinide pseudo-colloids in the groundwater 112. The results 
showed that selected metals including uranium, thorium, curium and americium were 
present in the colloidal fraction and not the dissolved fraction. Deerlove et al. focused 
on the Gorleben glacial sand / silt aquifer system 124. Both laboratory and field-based 
studies were used to determine the elemental composition and natural series actinide 
loading on humic colloids. Lieser et al. passed Gorleben groundwater spiked with 
selected radionuclides through Gorleben sediment columns 93. They concluded that 
ion exchange strongly sorbed caesium, and strontium to a lesser extent, onto coarse 
and fine (colloid) particles. It was found that lead, thorium and actinium were mainly 
bound by hydrolytic adsorption. Studies on laboratory prepared colloids examined 
the sorption and stability of fission products with respect to pH, ionic strength and 
particle size. The sorption was found to be higher for the mineral colloids than 
crushed mineral surfaces. Sorption was found to be dependent on the colloid 
concentration for promethium but not for caesium. Recently Meier et al. presented 
results for a model used to predict colloid associated transport of radionuclides at the 
Gorleben site 123. The site specific assessment studies indicated that the transport of 
colloid associated radionuclides through porous groundwater aquifers, over lying the 
Gorleben salt dome, may not occur over long distances. At the Los Alamos National 
Laboratory, USA, contrary to predicted movement, treated liquid wastes containing 
plutonium and americium were found to have infiltrated an aquifer and migrated up to 
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3390 metres down gradient of the discharge. Examination of the waste showed that 
the plutonium and part of the americium were tightly or irreversibly associated with 
colloidal material 38,115. 
1.3.4 Colloids and their Role in the Transport of Radionuclides 
- Literature Review 
As mentioned above in Section 1.3.3.3, there is evidence that enviromnental inorganic 
colloids may facilitate the transport of radionuclides and more generally toxic metals, 
in the natural environment. Nevertheless the role of colloids is still under 
examination and there are still areas of knowledge that require further investigation. 
Efforts are continuing to clarify and predict the role of colloids as radionuclide and 
toxic metal transporters. These works include large national, and multinational 
investigations attached to a specific sites or areas of interest. For example work 
focussed on the Drigg Low Level Waste Repository, in the UK 35, 125, 126, and the 
Gorleben Salt Dome, in Germany e g. 58, 75,124. 
To simplify this task, work can be divided into a number of main subject areas 37: 
i) inorganic colloid formation, 
ii) environmental colloid sampling and characterisation, 
iii) the adsorption of radionuclides, toxic metals and other materials, 
iv) the stability of inorganic colloids, 
v) laboratory and field studies into the migration of inorganic colloids, with 
and without associated radionuclides / toxic metals, through a range of 
geological media, 
vi) modelling the individual aspects and the overall process of colloid 
migration. 
Further discussion to subject areas i), iii) and v) are found below, and subject area ii) 
is discussed in section 1.4. Subject areas iv) and vi) except in reference to adsorption 
modelling, will not be discussed further, therefore readers should refer to other 
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references for further infonnation on colloid stability eg. 37, 50,129, and 'modelling' eg. 
38,130,131 
Reviews have been written giving an overview concerning the transport of 
radionuclides and toxic metals through the natural environment 132 - 137. Specific 
reviews' have examined speciation 130, 131, colloid occurrence 106, and colloidal 
transport IS, 38, 70, 82, 140, 141. These reviews give good introductions into the areas 
examined, detail the relevant theory and highlight the current research needs. 
1.3.4.1 Types ofInorganic Colloids in the Environment 
Section 1.4 discusses the collection and characterisation of inorganic colloids in the 
environment. Of particular interest is the fonnation of organic coating on a wide 
range of inorganic colloids. Evidence collected from natural aquatic systems 
suggested that nearly all colloids found are negatively charged 143 - 148. These studies 
have shown that often large amounts of organic matter are associated with inorganic 
colloids and thus the system is greatly affected by the presence of the associated 
natural organic matter (NOM) 53,149-153. Most commonly the NOM isolated in these 
systems has been humic acid, which is able to 'swamp' the underlying surface 
properties of the inorganic colloid 37. Furthennore inorganic colloids have also been 
described as being 'embedded' in large organic matrices 151. As a consequence the 
use of data detennined for 'bare' inorganic colloids must be questioned since to 
presence of NOM may dominate colloid chemistry. 
1.3.4.2 Adsorption on Inorganic Materials (Colloidal and Mineral Surfaces) 
Due to the importance of NOM coatings on colloids and mineral surfaces, 
radionuclide and toxic metal adsorption studies must include the examination of both 
adsorption to bare mineral surfaces and also to mineral surfaces coated with NOM. It 
is also worth noting that other ternary systems may include anthropogenic organics 
and anions. For further reference, the adsorption studies to colloidal and non-
colloidal surfaces will be treated in the same manner. This assumption has been 
tested by some authors 37. 
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Metal Adsorption Studies 
Studies of toxic metal adsorption on mineral surfaces are numerous and therefore 
cannot be covered comprehensively here 91,105,154 - 308. Studies have been made on a 
wide range of materials, including a range of natural minerals, such as 
montrnorillonite, goethite, kaolin, and iIIite 91, 171, 176, 183, 200, 209, 214, 222 - 228, 234, 235, 248-
253, 256, 257, 260, 261, 263 - 267, 271 - 273, 276, 282, 283, 285, 286, 290, 300, 301, 304, 307, and synthetic 
minerals, such as silica, iron oxides, alumina, and titanium and manganese dioxides 
158, 177 -180, 187, 188,201- 205, 207 - 212,215 - 218,228,231- 233, 247, 254, 255, 269, 272, 275, 278 - 280, 287 - 289, 
294,299,303,305. The metals studied have included actinides 91,162, 165 -170,187,192, 204, 215, 
222, 226, 234 - 241, 247, 248, 252, 255, 264, 275, 276, 285, 287, 289, 300, 301, 303, 305 - 307, other key 
radionuclides such as Sr, Cs and CelO5, 161, 162, 165, 171, 173, 176, 181 - 183, 200, 203 - 205, 218, 224, 
227,239 - 241, 253, 276, 278, 282, 286, 294, 295, 297, 299, 302, 304, 307, 308, europium 171,181,189,212, 217, 227, 
275 and other toxic metals that are not necessarily associated with radioactive waste 
such as Pb, Cd, Zn, Cu, Hg, Ni, Ba, Co 25,250,251,254,256-263,265,267,269-273,217,279-281, 
283,290,292, 293, 298. Factors influencing the metal adsorption in these systems have also 
been widely studied. In particular the effect of pH has been studied 250,252, 256, 264, 281, 
288,291,297,298, as well as the effects of ionic strength 162, 188,207,226,242,243,270,288, EH 224, 
291, temperature 158, 162, 202, 203, 291, 308, solid-solution ratio 105, 162, 193, 224, 233, 235, 237, 
competing cations 188,207,232, the effect of metal concentration 162,177,179,183,188,192,207, 
215,216,227,281,291, mineral pre-treatment 224, the effects of organics such as EDTA and 
oxalic acid 162, 218, 262, 274, and adsorption onto mixed component systems 195,236244. 
Desorption has also been studied 156, 172, 185, 187,201,226,228,246,296,308, and the kinetics of 
both adsorption and desorption 156, 161, 164, 168, 176,201,203,204,209,219,226,233,239,273. Some 
studies have examined methodology problems 161, 167, 174, 185, 186, 190, 194, 196, 199, 208, 230, 
236,239, whilst others have concentrated on adsorption mechanisms 157,178,198,215,222,232, 
258, 259, 266, 269, 270, 280 
Much of the above work has been complied by Fairhurst 37 in his doctoral thesis, and 
Berry 309 in a three part report on the sorption of radionuclides in relation to an 
underground waste repository. The report offers more than the brief overview above, 
and includes work conducted by DoE, UK and Nirex Ltd., UK. 
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NOM Adsorption Studies 
NOM adsorption onto a wide range of environmental materials and surfaces has been 
studied, although often these are not colloidal phases. Materials have included 
aluminas 160,316,323,326,329,332, 333, 342, 343, 351, 352, 356, 337, 360,364 - 366, iron oxylhydroxides 
310,311,313,314,317,325,327,331,334,340,345,347, 349, 350, 337, 338, 366, 371 various clays 312, 318, 319, 
, , , 
322,327)34,339- 341, 343, 344, 348, 353, 354, 359-362, 364- 367, 369, 370, 373, 374, quartz and amorphous 
silicas 312,314-316,343,360,365, natural sedirnents 324,334,375, soils 364, titanium dioxide 343 
and manganese dioxide 346. Studies have also examined NOM binding to heavy 
metals 379 - 381, 384, 388 - 399, key radionuclides such as Sr and Eu 378, 383, 386, 391, and 
actinides 382. 
As the origin of a NOM can affect its chemical and physical properties, many 'types' 
of NOM have been examined leading to difficulties in comparison between data sets. 
However, humic acids have been most widely studied e g. 270, 365, 366, 378 - 380,382 - 384, 387 -
391, with other studies examining fulvic acids e g 311,314,315,332, 333, 344, 353, 354, 356, 360, 362, 
366,374, 382, 389, dissolved organic matter (DOM) 366,368,371,372,275,381, NOM extracted 
from clays 323,391, reservoirs 325,346, ground and surface waters 312,326, peat 327,339,370, 
381, lakes 310, 329, 342, 350, soils 341, 361, ponds 347, composts 352, and rivers 356, 
Commercially available humic acid from Aldrich UK 331, 351, 359, 367, 385, 386 and , , 
reference materials from the International Humic Substance Society have also been 
used 334, 339, Some studies have investigated the effect of different humic acid 
properties such as aromatic content 355, molecular weight 312, 342, 347, 369, 374, and 
hydrophobic I hydrophilic nature 347,364. 
In an attempt to understand NOM adsorption, factors influencing the sorption systems 
have been widely studied. In particular the effect of pH 314 -317, 323,325, 326, 329, 331, 343, 345 
- 347, 349 - 351, 354, 356, 358 -362, 380, 383, and NOM concentration 311,312,314 - 317, 323, 326, 327, 340, 
343,345 - 347, 356, 358, 359, 361, 362, 390, have been examined in detail. Other factors studied 
include ionic strength effects 315, 329, 339, 343, 356, 359, surface area 324, 371, electrolyte 
composition 310, 343, 345, 346, 360, 362, temperature, 359, 387, particle size 359, and sorbent 
concentration 359, 390. Some studies have also considered adsorption and desorption 
kinetics 351,358,359,362,374. 
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Ternary System Adsorption including Metal, NOM, and Mineral 
The study of ternary systems i.e. those containing a metal, NOM and a mineral 
surface, is extremely important in understanding the partitioning of radionuclides and 
toxic metals in the aquatic environment and hence their transport through the natural 
environment. Originally the examination of ternary systems was limited 247,314·321,323 
.326,328-338, and particularly focused on toxic metals such as Cd, Pb and Cu 318-320,325, 
329,331,335,336, and radionuclides such as Am, Ell, Sr, Np and Pu 247, 314 - 317, 323, 326, 330, 
332. However more recently the importance of ternary systems has been considered 
particularly in relation to nuclear waste disposal, and hence many authors have 
examined ternary systems in greater depth 393 - 437. 
Ternary systems examined have included a wide range of environmental materials and 
surfaces. Surface materials have included mainly clay minerals 33, 160, 325, 328, 336, 393, 395 
- 397, 402, 403, 407, 411, 413,415,421,422,425,426,428,431,434,435, with some studies examining 
quartz and amorphous, siIicas 32,244,316,394,405,409,417,418, alurnina 316, 326, 333, 394, 418, 423, 
and iron oxylhydroxides 314,316,398,399,403,418,429,433. NOM types used have generally 
been limited to humic 33, 160,326-328,392, 393, 395, 396, 398,401-403, 409, 414, 415, 421, 422, 424, 426, 434 
and fulvic acids 314,333,336,394,413,416,418 -420, 423, 427, 435. A variety of metals have been 
used including radionucIides 32, 33, 244, 314, 316, 326, 328, 393 - 399, 402, 403, 406, 407, 409, m, 412, 414-
418,424,426,427,430,433 and toxic metals 160,325,327,329 333, 336, 401, 419 - 422, 425, 428, 429, 431, 434, 
435 
In general these studies have examined well-defined laboratory minerals and 
examined the variation of pH 394, 411, 413, ionic strength 397, 413, competing ion 
concentration 397,403, and the concentration of the humic substance and / or the metal. 
Murphy et al. postulated that mineral bound humic substances modifY inorganic 
surfaces, changing the nature and number of complexation sites for contaminants 328, 
thus providing a natural sink for the removal of contaminants from aquifer systems. 
Humic substances not only suppress radionuclide and heavy metal uptake, if present 
in significant concentrations, but can also enhance sorption to mineral phases. In 
general authors have observed the suppression of radionuclide and heavy metal 
sorption by humic and fulvic substances at Iow pHs and enhancement of sorption at 
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high pHs 33, 160,314,316,325,329,333,369,395,396,407,409,410,413, 415 -431. The enhancing effect 
can be dependant on the concentration of humic substances to the solid phase 314,325, 
399,425. Mechanistic interpretation of enhancement has been proposed as the formation 
of a surface mineral-humate complex with a high affinity for metals 27,88.327,328.406,411. 
416. Decrease in metal sorption at high pHs (c.a. < 8) were observed 314.329,399,411,429 
and attributed to the desorption of humate from the mineral surfaces. Others have 
examined the process of metal sorption and desorption in ternary systems 407,408.416, 
"-
421, 428. In relation to modelling ternary systems, authors have developed models 
either based on a additive K.t calculations 32, 33. 244, 395, 408, 414, 414 or surface 
complexation approaches 27. 329, 398, 403, 433. Further literature discussion into ternary 
system modelling is detailed below. 
KdApproaches 
Zachara et al. 334 used a K.t linear additive model to describe C02+ sorption on 
subsurface minerals in the absence and presence of sorbed leonardite humic acid. The 
authors concluded that the humic acid appeared to augment, rather than to change the 
intrinsic adsorption behaviour of the mineral. BunzI and Schutz 393 used a component 
approach, to derived K.tmlx from the K.t's of the system components. K.tmIX being a 
single K.t value used to describe the complete ternary system. Deviation between the 
model and experimental data were attributed to the absence of the consideration of the 
interactions between the humate and the bentonite surface. Norden et al. 394 used a 
'lumped' K.t expression that included the fulvic acid, radionuclide and solid phase. 
Model parameters used by Samadfam et al. 395 included the K.t in the absence of 
humic acid, the fraction of humic acid sorbed to kaolinite, and the stability constant of 
the strontium-II-humate complex to achieve reasonable correlation between the 
experimental and calculated values. Dumat and Staunton 396 had limited success 
using a K.t approach in describing the correlation between the amount of sorbed humic 
acid and the sorption of the Cs to the mineral. Whilst Staunton and Roubaud 397 K.t 
approach did allow interpretation of the ternary system and the experimental trends 
observed, it was concluded that the K.t values may be misleading in understanding the 
mechanisms of the system. Authors have also concluded that the K.t approach is 
limited in that the models cannot be extrapolated to provide K.t values beyond the 
experimental conditions under which they were measured 75,334, 
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Isotherm Approaches 
Righetto et al. 316 used RI values and adsorption isothenns to describe the pH 
dependence of actinide adsorption in the presence of humic acid. The study 
concluded that humic acid may enhance actinide dispersion from disposal sites trough 
aquifer systems. Rabung et al. 398 presented using isothenns, the sorption of 
europium to hematite in the presence of humic acid at various pH's and ionic 
strengths. Discrepancies between the experimental and calculated values were 
attributed to the change of surface charge properties of the hematite after being coated 
with humic acid. Ho and Miller 399 used an isothenn approach to demonstrate that the 
addition of humic acid to a hematite solution altered the uptake of uranium by the 
hematite particles. The theory was developed to describe the dominant factors as 
changes in uranium speciation, blocking of active sites and the extent of uranium-
humic acid interactions. Davis and Leckie 400 used the isothenn approach to interpret 
results for the adsorption of complexing ligands on trace metal uptake by hydrous 
oxides. The results suggest that trace metal distributions may be controlled by 
binding to humic-coated colloids rather than oxide surface sites. Frimmel and Huber 
401 used Freundlich isothenns to describe ternary systems and to draw simple 
conclusions of the effect of NOM on the sorption of Cd, Pb, and Cu onto a number of 
mineral phases. 
Surface Complexation Model Approaches 
Macasek et al. 402 used a novel '2-site-2-species' complexation model to describe the 
experimental data. The model combined complexation and chemisorption 
equilibrium parameters to provide consistent interaction constants for the ternary 
system. Huang et at. 319 developed a 3-site model, which considered the presence of 
an unoccupied (free) site, a proton-occupied site, and a metal-occupied site. This 
approach allowed the derivation of a metal affinity constant to describe the sorption of 
copper (II) in a humus-kaolin system, independent of pH. A model was constructed 
by Murphy et al. 403 to describe the overall ternary system through the properties of 
the individual components and the binary sub-systems. The model did not sufficiently 
describe the ternary system and the authors concluded that the model required the 
consideration of the ternary reactions. Takahashi et al. 404 used an equilibrium-based 
surface complexation model, based on work by Stumm, to describe the experimental 
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results 42. The work found that generally this model approach could explain the 
experimental findings of the study. 
1.3.4.3 Laboratory and Field Migration Studies 
Coupled with sorption experiments, column and field migration studies are used to 
investigate the movement of contaminants through the natural environment 130, 131. 
Many studies have examined contaminant transport through a variety of media in the 
laboratory 364,437 - 446,503 - 510,514 and field 447 - 449,510 - 515, whereas other work has 
developed theoretical studies and models 450 - 559, 510, 514 and natural analogues are 
often used 460 - 464. Migration studies have focused on NOM colloids, especially 
humic acid, with respect to their migration behaviour and their contaminant mobility 
enhancing capacity m, 214, 447, 467 .474. Other work has examined inorganic colloid 
transport or their role in contaminant migration enhancement 70,477.482. 
Limited studies have examined the migration of artificially introduced colloids into 
natural environments 476 - 478. Although these studies provide large amounts of good 
quality data from natural settings these studies are less favoured due to the high-cost 
and long time-scales involved in their application. 
Many studies have examined colloid migration in smaller laboratory scale 
experiments 93,119,247,478-509. Many highly artificial experiments have been designed 
to enable good quality data to be collected for model inputs and mechanistic research 
247,481, 482, 484, 488, 494 - 498, 513. Column media used in these studies has included; weJl-
characterised latex or polystyrene beads, glass beads 481,482, 488, quartz columns 364,481, 
496 clays 506,508, fractured sand columns 497,509, and sand columns in the presence of 
humic acid 494. Artificial experimental systems have been examined including 
colloidal silica transport through porous sand with preferential pathway inserts 498, 
and haematite filtration studies using membranes 486. 
Other studies have tried to simulate natural colloid migration more closely 481, 183,485-
488,491-493,510,514. Column media used in these studies has included soils 493,504,507,508, 
5ll, quartz beds 487, 491, sand and gravels 483, 486, 512 and natural sediments 485. These 
studies have been examined in the absence and presence of humic substances, natural 
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colloids such as hematite colloids 247, 487, 488, 491 iron oxide colloids 483,484 and silica , 
colloids 481. 
Several migration studies have examined the enhancement of radionucIide migration 
by colloids 480,495,499,500. Work by Lieser et al. 496 showed that colloids generated 
from sediments were able to act as carriers of Cs, Pb, Ac, Th, and to some extend Sr 
through sediment columns. Read et al. 500 examined the enhanced transport ofTh by 
silica colloids through a porous silica bed. The results showed that Th passed almost 
quantitatively through the column in association with the silica colloids although the 
silica colloids were retarded through the column with respect to the conservative 
tracer. Itagaki et al. 480 found that iron (Ill) colloids significantly altered the 
breakthrough of Np (V) when passing through a quartz powder column. Siitmark et 
al. 499 examined the effect of pH on the transport of goethite colloids and hence Na, I, 
and Cs, through quartz packed columns. The results showed that the goethite had no 
effect on the Na and I transport and a limited effect on the Cs transport at high pH. 
However at low pH the goethite greatly altered the I transport. 
1.4 Sampling and Characterisation of Environmental Inorganic Colloids 
To obtain a comprehensive understanding of the distribution of dissolved and 
particulate components in any naturaI water system care must be taken to obtain a 
representative sample and to avoid the introduction of contaminants. The problem of 
contamination is especially acute in groundwater sampling due to: 
i) the physical and chemical conditions in some groundwater aquifers may be 
significantly different from those at the surface, 
ii) the act of sampling can cause the mobilisation of particles from the aquifer 
matrix due to an increase in groundwater flow and changes in chemical 
gradient as a sample is removed from the aquifer. 
For colloids to be mobile in groundwater aquifers the colloids must be stable. The 
stability is dependent on the colloid composition and the groundwater chemistry. 
Changes in either can cause colloid precipitation by various methods, for example 
sorption and / or aggregation. The problem with many sampling and storage 
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techniques is that the colloid phase may be altered in some way and therefore a true 
representation of the system is difficult to maintain. Inappropriate sampling of 
groundwater can introduce contamination, for example particles from the borehole 
pipe or by the suspension of immobile aquifer material. This can lead to 
modifications in the colloid phase chemistry, and thus the collection of a non-
representative groundwater sample. Groundwater samples are stored in conditions 
very different from their natural environment i.e. contained within a vessel, and stored 
at different temperature and pressures. This can lead to changes in the physical and 
chemical conditions of the sample. These changes may be instantaneous and occur as 
the sample is collected or they may occur over a longer time as the sample is stored. 
Groundwater samples are usually collected from a borehole that has been constructed 
by drilling followed by the insertion of a pipe. There are many problems associated 
with this procedure. Drilling can create fme particles which may be introduced into 
the groundwater. During the drilling a lubricant clay or mud is typically used, this can 
also introduce foreign particulate matter into the system. To avoid these problems, 
the borehole is purged with large volumes of groundwater prior to sampling. 
Also, the borehole allows air to come into contact with the groundwater. This can 
change the chemical and physical properties of the groundwater by altering the 
oxygen / carbon dioxide content, temperature, pH, redox potential and the amount of 
light. This difficulty is highlighted when reducing waters with high iron content are 
exposed to air, causing the precipitation and aggregation of ferric (oxyhydr)oxide 
colloids. Initially the borehole must be purged to remove the groundwater that has 
been in contact with the air. The samples must then be collected into a sealed canister 
without any air being introduced. A study of the colloid-facilitated groundwater 
transport ofradionuclides in the Gorleben aquifer (Germany) avoided this problem by 
transferring the sample directly into a resin-coated aluminium drum with a nitrogen 
atmosphere 122,214. This problem has been overcome on a smaller scale by the use of 
stainless steel canisters pressurised with nitrogen, for the examination of colloids in 
waste repository leachate 35. 
A problem with the sampling procedure is that removal of groundwater by bailing or 
pumping can force otherwise immobile aquifer solids into the borehole or can disrupt 
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fragile colloidal aggregates. Backhus et al. found that bailing compared to pumping 
created larger particle sizes with significantly higher concentrations of polycyclic 
aromatic hydrocarbons 516. A similar result was found by Puls et al with an increase 
in particulate chromium and arsenic concentrations 5l7. The increase was probably 
due to surging which may cause re-suspension of particles at the bottom of the well or 
from the surrounding aquifer. Furthermore, PuIs et at. found differences between 
pump types. A bladder pump (flow-rate = 0.6 - 1.1 dm3 min-I) produced thirteen 
times fewer particles than a low-speed submersible pump (2.8 - 3.8 dm3 min-I) 516. 
Light-scattering and turbidity measurements have shown in some natural water 
systems significantly more groundwater must be purged to reach a stable particulate 
concentration, than for stabilisation of groundwater chemical parameters such as 
dissolved oxygen, pH, EH and temperature measurements 516, 518. Groundwater 
samples should not be withdrawn from the borehole faster than it can recharge under 
natural hydrostatic conditions. Fast extraction of groundwater can lead to the 
mobilisation of aquifer material and may also draw in groundwater not typical of the 
immediate sampling area. To avoid these problems there should be no draw-down, 
(that is a reduction in the height of the water standing in the borehole), during purging 
or sampling. 
The handling and storage of groundwater samples can also be problematic. Prolonged 
transportation of samples should be avoided as excess agitation may cause 
aggregation of particulate matter. Storage of samples in plastic bottles should be 
avoided because of sorption of colloids to the vessel surfaces. However, leaching 
with nitric or hydrochloric acid before use and rinsing thoroughly with de-ionised 
water can reduce this. To reduce cross-contamination, handling of groundwater 
samples must be kept to a minimum. Preferably, sample preparation and analysis 
should be performed in a 'clean room' to reduce contamination from surfaces and the 
ambient air. Storage may result in chemical and physical changes in the sample. 
Therefore it is preferable to store samples for no longer than two to three days, at 4°C 
in the dark. However, some samples do remain stable for longer time periods. All 
equipment should be clean and the reagents used for the treatment and analysis of the 
groundwater should be a pure as possible. Blank samples should be treated as 
groundwater samples in all procedures to establish a 'contamination background'. 
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Any fractionation and colloid structure measurements should be completed as soon as 
possible in case of sample degradation. In filtration processes, samples should not be 
stirred for long periods as this may cause aggregation within the colloid phase. 
1.4.1 Sample Analyses 
A comprehensive study of groundwater colloids should include the following: 
i) the colloid population, 
ii) the size distribution, 
iii) the morphology and elemental composition, 
iv) the surface properties, 
v) the quantification of associated metals, 
vi) and associated radioactivity. 
1.4.1.1 Filtration 
Sample filtration is a critical step in the investigation of colloid size distribution and 
elemental composition. Filtration has become a point of disagreement concerning 
suspended particles and colloids. A standard procedure for filtration of natural waters 
intended for analysis of 'dissolved' species, is to filter through a subrnicrometre 
(typically 0.45 f.U11,) membrane filter. The selection of the 0.45 f.U11 pore size appears 
to originate from bacteriology and the smallest dimensions of certain bacteria. Many 
authors have commented on the inappropriate use of a 0.45 f.U11 filter to separate 
dissolved and colloidal phases 93, 519. Laboratory and field experimental data has 
shown that colloidal phases can exist below the arbitrary 0.45 /lm cut-off, however it 
is still used in natural water sampling 2S. 
1.4.1.2 Particle Concentration 
Gravimetric analysis, after filtration or centrifugation, is the classical method for 
determination of particle concentration. However, the need for a large sample volume 
limits the use of this technique. In most natural waters the gravimetric determination 
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of particles less than 1.0 J.lIll is difficult because of the limited sample volume per 
filter area that can pass through the filter before clogging can occur 519. 
Methods that require a minimum of sample preparation are based on light scattering 
measurements which are made directly on the aqueous sample. The scattering of light 
is dependent on the concentration, size distribution, refractive index and shape of 
particles. Thus the method is considered semi-quantitative. 
The technique that has been widely used for examining environmental water colloids 
is photon correlation spectrometry (PCS). The instrumentation uses a photon 
counting photomultiplier that produces a discrete electrical pulse when a scattered 
photon is detected by the photocathode. The advantages of PCS are speed, accuracy, 
and continuous sample introduction. The instrument does require calibration with a 
suitable size standard to achieve quantitative results. For laboratory studies 
polystyrene nanosphere particles are used due to their regular spherical shape and 
because they are mono-dispersed. However, these are not appropriate for 
environmental systems where particles may be irregular in shape and may often have 
broad size distributions. Thus care must be taken to select an appropriate standard 
and if possible, calibration using natural particulate matter taken from the sample site 
is recommended 520. The problems associated with broad distributions of size in poly-
dispersed systems have limited the use of PCS for environmental water colloid 
phases. The scattering intensity is a strong function of size, and scattering angle for 
larger particles. The measured signal may be dominated by the scattering from the 
large particles, and may therefore not detect the smaller particles. Contaminants are a 
problem in light scattering, especially in highly polar liquids such as water. Dust is 
the name given to contaminant light scatters present in a sample. Contaminates also 
include outliers in the size distribution which are not considered to be part of the main 
distribution 35. Filtration through a syringe filter whilst injecting the sample into the 
PCS instrument, can reduce this problem, however this may alter the chemistry of 
environmental samples. To overcome this problem software with dust terms in the 
calculations are included in PCS instruments 521. 
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Even though pes has its limitations it is still used to detennine the concentration of 
colloids in environmental water samples 519, 520, 522 - 524. To prevent changes in 
composition and speciation, limited handling and preparation of groundwater sample 
is essential. This is particularly apparent with anoxic waters containing dissolved iron 
S22. A pes instrument can be incorporated directly into a sampling line, thus avoiding 
contact with the air. Ledin et al. has used pes for the concentration and size 
distribution of colloidal matter in surface and groundwater samples 520. The technique 
proved to be non-destructive, simple, fast and allowed direct on-line results, which 
reduced sample handing. Knowledge of the mineralogical composition of the site was 
required to allow suitable reference material to be used to calibrate the pes 
instrument. pes allowed particulate concentration down to 0.5 mg dm-l to be 
estimated for surface waters. However the groundwater system was below the limits 
of detection. Limitations were found in the underestimation of small particle 
distribution compared to larger particles. This could be overcome by fractionation 
prior to pes analysis. Gallegos and Menzel used pes to analyse soil fractions of 
known size distribution and then applied the technique to natural water samples 524. 
pes was used to examine sample storage and pre-treatment techniques and to 
estimate coagulation rates and critical coagulation concentrations. Although pes is 
used for environmental water samples, the use of other complementary techniques is 
advised to ensure an accurate colloidal concentration is determined 519, 523. 
1.4.1.3 Particle Size Analysis 
Many techniques exist for the size analysis of colloidal particles. These include 
methods based on light scattering, microscopy, sedimentation, filtration and dialysis. 
By coupling certain size analysis methods with a wide variety of chemical analyses, 
additional information can be given on the composition of various sized particles. 
Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) 
have been widely used for the examination of colloids. Microscopy provides the most 
direct way of sizing particles but it is time consuming and care must be taken to avoid 
the creation of contaminants. A beam of electrons scans the sample surface. The 
emission of secondary electrons allows the formation of an image of the particle. The 
images have high resolution and can be magnified up to 100,000 times. The simplest 
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sample preparation is to collect the colloids on a filter membrane. However this can 
create contaminants, including shrinkage due to dehydration, break-down of colloid 
associations and aggregation of particles. Authors have overcome some of these 
difficulties by employing improved sample preparation methods 525-527. 
Techniques including filtration, dialysis, centrifugation and osmosis have been used to 
give size distributions of colloid particles and to differentiate between colloidal and 
dissolved species. 
Filtration has been performed in series (sequential or cascade filtration), and in 
parallel to give size distributions of colloidal-sized particles. When filtration is 
performed sequentially the sample is passed through successively smaller pore sizes 
until a fraction containing dissolved species is achieved. In parallel filtration, the 
sample is divided and filtered through different pore-size filters. The size distribution 
for a given analyte is calculated by subtracting the results for each filtrate from the 
unfiltered concentration. There are two basic types of filters commercially available. 
Depth filters are composed of a complex mat of fibre which retain particles within the 
matrix of the filter. Screen filters consist of nonporous materials containing discrete 
holes and allow particles to be retained on the filter surface. Physicochemical 
processes occur during filtration which can affect the integrity of the filtered sample. 
The build-up of particles at the filter, known as concentration polarisation, can 
promote coagulation and alteration of the size distribution of the particulate matter. 
Filter exclusion can inhibit the passage of very small particles through pores of similar 
diameters. The filter may also cause the colloids to be destabilised by surface charge 
affects thus causing the colloids to attach onto the filter surface. A study by Buffel et 
al. illustrated that results from filtration are dependent on procedural technique and 
suggested that any interpretation of particle-size measurements based on filtration 
must be examined within the context of the procedure 528. 
The method of cross-flow filtration can overcome some of the problems associated 
with filtration. In cross-flow or tangential filtration, a high flow rate is maintained 
parallel to the filter membrane while a much lower flow rate for the filtrate passes 
through the membrane. This method induces large shear forces near the membrane 
surface and thus reduces both the concentration polarisation region and membrane 
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fouling. Cross-flow filtration uses systems based on either hollow-fibres or flat 
membranes. The membranes are stacked in order to provide large surface areas (c.a. 1 
m2), which allows membrane fouling to be reduced further. This method permits 
large volumes of water to be processed, thus allowing significant quantities of colloids 
to be isolated without reducing filtration rates. 
The use of centrifugation as a technique for separating particles by size has been 
limited. Laboratory centrifuge equipment can only process small sample volumes, 
and industrial centrifuges can not obtain adequate resolution for size separation. 
However, the technique of continuous-flow centrifugation has allowed the large-scale 
isolation of suspended particles and large colloids. In this procedure a suspension is 
continuously passed through a spinning centrifuge. Larger particles are retained on 
the walls of the centrifuge bowl, whereas solutes and smaller particles are carried 
through. Continuous-flow centrifugation has been used to separate river water 
particles down to 1.0 - 0.3 !!Ill in size 529. It has been noted that suspended particles 
retained by continuous flow filtration, when re-suspended, show similar particle size 
distributions to the colloids not retained by the centrifuge 529. This suggests that either 
the particles are present as aggregates in the sample or aggregation occurs during the 
centrifugation process. 
The method of field-flow fractionation (FFF) provides high resolution, continuous 
size distribution results. The technique allows separate particle-size fractions to be 
eluted, ranging from 0.0001 to 50 JlIl1 39. FFF of colloids and macromolecules is 
achieved in a flat channel with rectangular cross-section. Samples are subjected to 
both a horizontal flow and an additional field perpendicular to this flow. The field 
may be gravitational, electrical, magnetic, a thermal gradient or a fluid cross-flow 35. 
The sample injection occurs at one end of the flat channel with the field applied but 
without a flow. Each particle forms a cloud, whose thickness and elevation depends 
on the dragging force of the particle by the field and the rate of back diffusion into the 
channel. The horizontal flow is then applied and a chromatographic type elution 
profile is obtained. The elution volume of a particle depends directly on its diffusion 
co-efficient, thus allowing elution curves to be converted into molar mass or size 
distribution profiles. By coupling FFF to inductively-coupled plasma-mass 
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spectrometry, the fractions can be analysed further to determine compositional 
information. FFF allows separation over a wide size distribution, and enables particle 
diffusion co-efficients to be directly related to environmental behaviour. A 
disadvantage with FFF is that the eluted fractions are more dilute than the injected 
particulate phase, therefore highly sensitive detection techniques are required. There 
are different types of FFF but sedimentation FFF is preferable for 50 nm - 2 JlIIl 
particles 35. Sedimentation FFF results from the application of an external 
gravitational field on the sample inside a capillary tube. 
1.4.1.4 Morphology and Mineral Composition 
The morphology of colloidal matter can be determined from SEM and TEM 
micrographs linked with energy-dispersive x-ray spectrometry (EDS). Depending on 
the instrument, the information obtained can be qualitative, or with more recently 
designed instruments quantitative. Therefore researchers for colloid morphology in 
natural water samples have used this technique 519,519,527,530 - 534. Experimental data 
presented by N omizu et al. compared results of field analysis with artificially 
prepared particles 525. Atteia et al used the ratio between element intensity peaks to 
differentiate between four different particle groups existing at a Karstic basin located 
in the Swiss Jura Mountains 527. 
Structural information can be obtained from powder x-ray diffraction (XRD). The x-
ray deffractometer records the x-ray diffraction patterns of the sample, providing 
information on composition and atomic structure. However this technique requires 
relatively large sample quantities and does not discriminate the general properties 
from those at the surface. XRD has limited application to natural water colloids as it 
is not suited to systems where inorganic amorphous constituents or organic colloids 
are present. 
Quantification of the metals in the aqueous phase and the isolated colloids can provide 
information on possible mineral constituents. Procedures such as acid digestion and 
microwave digestion may be used to prepare the sample for analysis. Elemental 
analysis may be achieved using atomic adsorption spectrometry (AAS), inductively 
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coupled plasma - atomic emission spectrometry (ICP-AES) or inductively coupled 
plasma - mass spectrometry (ICP-MS). Originally these techniques were used 
without sample dissolution prior to analysis. It was thought the sample would be 
completely broken down by the atomisation process. However research has 
demonstrated that this does not occur with all environmental water samples, 
especially those containing silica-based particles. 
Sample Preparation for Colloid Composition Analyses 
Environmental and geological samples present the greatest problem where simple acid 
based procedures are not sufficient to break down the complex sample matrixes. The 
search for effective and rapid dissolution procedures has led to the investigation into 
effects of heat and pressure and the use of a microwave oven in addition to the use of 
strong acids such as hydrogen fluoride and nitric acid. 
Ashing is the removal of organic matter and ! or water by driving off these substances 
as carbon dioxide and water vapour. Ashing breaks down the sample matrix and also 
acts as a pre-concentration step by removing the bulk of the sample. This procedure 
can take two forms. Dry ashing is used for non-volatile analytes and wet ashing is 
used for volatile analytes. These techniques are relatively straight-forward and can be 
used on simple sample matrixes but cannot completely digest complex geological 
matrices. 
The fusion technique uses a fusion (flux) agent (e.g. sodium hydroxide, sodium 
peroxide or lithium metaborate) and temperatures of approximately 1000 °C to 
solubilise the sample matrix 535. Generally, decomposition by fusion is not used for 
trace element analysis since in most cases the liquid acquires contamination during 
the fusion process or some elements may be lost as a result of the process 535. An 
exception to this is the determination of fluoride in which the test material is fused 
with lithium metaborate 536. 
Acid digestion in its simplest form uses concentrated mineral acids. Depending on 
the matrix and acid used this method has varying success which can be improved with 
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the use of a heat source. Temperatures that are much higher than the boiling point of 
mineral acids are attainable with closed vessel systems 537. As a result, the oxidising 
potential of the acid and the reaction rate are generally enhanced. Compared to the 
open vessel system the digestion time is reduced and the complexity of the sample 
matrix that can be digested is extended. The use of 'condensed' phosphoric acid and 
fluorohydric I perchIoric acid has lead to an improvement of the basic technique 538. 
Even so, these procedures require large amounts of concentrated acids and continuous 
supervision. 
Microwave digestion is an acid digestion technique which uses microwaves as the 
heat source. The digestion process takes place at far higher temperatures and 
pressures than other methods allowing the sample matrix to be broken down more 
rapidly, uniformly and to a greater extent. Both open-vessel and closed-vessel 
digestion is possible with the design of venting caps and the use of pre-digestion to 
alleviate the problem of excessive pressure build-up in closed systems. Nevertheless 
it has been found that in some systems a number of the gaseous products can 
recombine detrimentally with the modified matrix and form non-soluble products 539. 
The most obvious benefit of microwave digestion is the reduced heating time, 
minimal supervision, and the dissolution of complex sample matrixes without 
compromising the percentage recovery 540. 541. 
1.4.1.5 Surface Properties 
Electrophoretic mobilities and zeta potential are generally estimated from 
microelectrophoresis. The technique measures the particle velocities in an electric 
field, where the effective charge at the particle shear-plane (related to the zeta-
potential) causes the particle to move within the electric field 518. 519. Many PCS 
instruments incorporate an electrophoresis cell to allow the measurement of zeta 
potential and electrophoretic mobilities as well as size distribution. A detailed 
explanation of the technique is described elsewhere 35.45.46. 
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1.5 Objectives ofthis Thesis 
The experimental aims of this thesis are to examine two specific areas of interest to 
nuclear waste disposal. Firstly the interactions of radionuclides with the colloid 
fraction of groundwater systems, and secondly the interactions of radionuclides with 
mineral surfaces in the presence of natural organic matter (NOM). Therefore this 
research project has (i) field-based and (ii) laboratory-based aspects. 
i) The field-based research is focused on the sampling and characterisation 
of environmental inorganic colloids using samples collected from the far 
field of the BNFL Drigg low level waste repository. The objectives are 
to determine: colloid population, colloid type, and the association of 
radionuclides with colloids in groundwater systems. The groundwater 
samples were collected anaerobically from the Drigg site in Cumbria. 
ii) The laboratory-based research is focused on using a selection of 
minerals, including a Drigg sediment sample to examine the distribution 
of a radionuclide between aqueous and solid phases when humic acid is 
present. The objective of the study is to develop a model to predict the 
distribution of a radionuclide between a solution phase humic substance 
and a colloid I surface bound humic substance. 
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2.0 The Drigg Site 
The Drigg site (see figure 2.1 and 2.2) is owned and operated by British Nuclear Fuels 
plc (BNFL) and is situated six kilometres south of Sell afield in West Cumbria. Since 
disposals began at the 11 O-hectare site in 1959, more than 750, 000 cubic metres of 
low-level waste has been safely disposed 512. The Drigg site mainly receives waste 
from Sellafield (approx. 70%), the rest comes from other BNFL sites, hospitals, 
research establishments and other industries. 
Figure 2.1 The BNFL Drigg Low-Level Waste Repository at Drigg, Cumbria. 
Originally the disposal procedures at Drigg involved cutting trenches into the natural 
boulder clay. The waste was tipped into the trenches and covered with layers of stone 
and soil 512. Seven trenches (labelled 1-7), occupy over one sixth of the total site, and 
have been filled by this procedure. The trenches have now been capped with a water 
impermeable membrane, soil and vegetation. A site characterisation team routinely 
samples and monitors water from a combined drain that collects water draining from 
the trenches. The water from the drains is collected in a marine holding tank, which 
allows the water to be discharged into the sea at high tide via a 1.2 kilometre offshore 
pipeline. Other water run-off from the capped trenches and buildings is discharged 
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into one of two streams flowing through the Drigg site. All discharges are made 
strictly under the relevant Govermnent authorisation 35. 
The disposal facilities at Drigg were improved in 1988 with the operation of concrete-
lined vaults. Careful consideration was taken to provide drainage and monitoring 
facilities for use both during the operational phase of the vaults and also after the 
vaults are capped. The first of these new vaults, (vault 8), has provided approximately 
180,000 cubic metres of disposal capacity for compacted waste. The waste is initially 
put into one cubic metre boxes or steel drums and then compacted using a 5,000 tonne 
force compactor. The compacted boxes and drums are placed and grouted into 15 
metre capacity overpack containers. The containers are then transferred to the vaults 
and stacked closely together. Once the vault is full it will be fitted with an 
impermeable dome-shaped cap so that run-off will be directed into the drains, and 
covered with soil and vegetation. 
As a further means to limit the flow of water from the existing trenches, a 
cementlbentonite clay cut-off wall has been constructed below ground on the north-
east corner of the site. The wall is designed to act as a short-term barrier to limit the 
movement of water leaching from the trenches, and in the long-term to prevent flow 
reversal and inflow of groundwater. Before the Drigg site is finally closed the trench 
and vault facilities will be capped with a thicker more durable cap which will 
incorporate low permeability clay 512. 
At Drigg there is a continuing programme to install vertical perforated pipes into the 
near field and far field. lbis has allowed constant monitoring of the hydrology of the 
site and enabled groundwater sampling for contaminant determination. 
Located in close proximity to the biosphere and with few large natural barriers, Drigg 
can only offer shallow waste disposal. Therefore disposal is limited to low-levels of 
relatively short-lived isotopes. The major contaminating radionuclides at Drigg are 
3H, 9OSr, 137CS, 106Ru and l43Ce 126. 
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The BNFL Drigg Low-Level Waste Repository at Drigg, Cumbria. 
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The Drigg site groundwater flow is considered to progress across the site from the 
north, down towards the sea at the southern side of the site 126. Therefore samples 
collected from the northern side of the trenches are referred to as groundwater 
samples collected above the trenches with respect to groundwater flow. These 
samples are therefore taken from above the groundwater cut-offwall positioned along 
the northern edge of the trench area Samples collected from the southern side of the 
trenches are referred to as groundwater samples collected below the trenches with 
respect to groundwater flow. There are two tritium pollution plumes issuing from the 
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site in a southerly direction as shown in figure 2.3. Borehole C2/2 intersects Plume A 
and boreholes C6/3 and C8/2 intersect Plume B. 
Figure 2.3 The BNFL Drigg Low-Level Waste Repository at Drigg, Cumbria. 
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2.1 Far field Groundwater Sampling at the Drigg Site 
Eleven far field ground water samples have been collected from five boreholes across 
the Drigg site between November 1999 and January 2002. Table 2.0 gives the 
location of the samples taken from the Drigg site and these are shown in figure 2.3. 
Throughout this report the samples will be described by their borehole reference and 
the date the samples were collected, this reference is shown in table 2.0. 
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Table 2.0 The locations sampled on the Drigg site. 
Borehole Drigg Sample Thesis Sample 
Reference Reference 
Sampling Date 
Reference 
C2/2 C8/3/plIKS14 29'" November 1999 C2/2 November 1999 
C6/3 C6/3/p llKSIS 30'" November 1999 C6/3 November 1999 
C6/3 C6/3/plIKS37 6"' March 2000 C6/3 March 2000 
C8/2 C8/2/plIK536 7'" March 2000 C8/2 March 2000 
C6/3 C6/3/plIL49 8In August 2000 C6/3 August 2000 
C8/2 C8/2/plILSO 9'" August 2000 C8/2 August 2000 
C6/3 C6/3pl1L71 2200 May 2001 C6/3 May 2001 
C8/2 - 12'" November 2001 -
C2/2 C2/2pl1L73 13"' - 14"' November 2001 C212 November 2001 
DDS130 DDS130/pllL72 15"' - 16"' November 2001 DDS130 November 2001 
C1I2 C1I2/pl1L75 8"' January 2002 C1I2 January 2001 
DDS130 DDS130/plIL76 9'" January 2002 DDS130 January 2001 
Although borehole C8/2 was purged on the 12th November 2001, a sample was not 
collected. The purpose of the exercise was to evaluate the groundwater flow-rate 
during pumping, to determine whether there were changes measured in the physical 
parameters i.e. pH, EH, conductivity, temperature, and dissolved oxygen. This will be 
discussed further in section 3.3. 
Only limited sampling from borehole C2/2 was achievable during the November 1999 
to January 2002 period. Borehole C2/2 was used during the intermediate period of 
this study for a tracer study undertaken by the University of Southampton. Therefore 
during this interval the borehole was unsuitable for groundwater colloid 
characterisation. 
Groundwater samples have only been collected from boreholes that contained at least 
1 m depth of water and did not exhibit draw-down during purging and sampling. 
There are 12 clusters of bore holes, and 4 single far field boreholes situated across the 
Drigg site, as well as 8 far field boreholes on land adjacent to the site 126. However, 
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only five have been accessible and transmissive and therefore suitable for 
groundwater sampling. Although the sample locations have been limited, repeated 
sampling of a borehole has allowed characterisation of the groundwater from that area 
and a comparison of seasonal variations. All the far field samples have been collected 
anaerobically using Micro-Purge Low-Flow (MPLF) sampling equipment. 
2.2 Micropurging Equipment 35,543,544 
A diagram of the equipment used for collecting samples of groundwater is shown in 
figure 2.2.1. Figure 2.2.2 and figure 2.2.3 are photographs of the equipment in use 
and the flow cell respectively. Sampling was based on the Micro-Purge Low-Flow 
(MPLF) methodology described by Shank1in et al. and used by the British Geological 
Survey 544. The advantage to using this approach was that sampling was conducted at 
or close to the groundwater velocity, thus reducing the tendency to mobilise particles 
and colloids that would not nonnally be mobile in 'natura!' un-sampled systems. 
Before use all equipment was acid washed, thoroughly rinsed with de-ionised water 
and allowed to air dry. The sample collection canisters were 20 dm3 pressurised 
stainless steel canisters. The canisters were sealed and purged with nitrogen for two 
hours prior to visiting the Drigg site. The seals were checked vigorously to ensure 
that no nitrogen was escaping from the canisters and consequently no oxygen was 
entering the canisters. 
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Figure 2.2.1 Diagram of Micro purge equipment used for sampling. 
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Figure 2.2.2 Photograph of Micropurge equipment used for sampling. 
Figure 2.2.3 Photograph of flow-cell used during sampling for the measurement of 
pH, EH, temperature, conductivity and dissolved oxygen concentration. 
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2.2.1 Sampling Procedure 
Initially the pH, EH, conductivity, and dissolved oxygen probes and meters were 
calibrated (see section 2.2.3) at the Drigg laboratory and positioned in the flow-cell. 
The sampling rig was assembled ensuring that the one-way valve was connected to 
allow the pumped groundwater to flow into the sampling rig. The flow-cell was 
connected into the sampling rig to allow the groundwater to enter at the base of the 
cell and flow out at the top, thus ensuring the probes were completely submersed by 
the groundwater. The equipment was then transferred to the borehole location. To 
establish whether the borehole was suitable for sampling, the depth of the water and 
the base of the borehole were measured using a dip-tape with a water sensor attached. 
At least a groundwater depth of one metre of water was required. The submersible 
pump tubing was measured and a safety clamp fitted so that the pump was positioned 
at least 30 cm below the water level and between the water inlet screens. The screens 
were located on either side of the pipe and they allowed the ingress of groundwater 
from the water table. The safety cable and the converter cable were connected to the 
pump and these were lowered into the borehole. The pump was then connected to the 
sampling rig and to the power supply via the converter as shown in figure 2.2.1. The 
converter was positioned in the back of a car to protect it from any moisture from the 
ground or rain. The generator was placed on a plastic sheet in case of any petrol 
leakage. The nitrogen cylinder, waste Jerry can, and sample canister were then 
connected as shown in figure 2.2.1. The flow-cell, probes and meters were protected 
from the rain using a plastic sheet. 
The nitrogen cylinder was turned on (pressure 10 p.s.i.) and taps 1, 3, 4 and 5 were 
opened to allow the sampling rig to be purged with nitrogen for approximately 15 
minutes. Taps 2, 6 and 7 were opened and taps 3, 4 and 5 closed (in this order) so the 
sample canister was purged with nitrogen for approximately 15 minutes. The gas 
flow was observed using a plastic bottle filled with de-ionised water, and allowing the 
gas to bubble through. This purging time was to ensure that the entire sampling 
system was without oxygen, which could affect the stability of the anaerobic samples. 
A Teledyne TED 60T Oxygen Analyser, supplied by BNFL, was used to measure 
oxygen content and thus ensure that there was no oxygen in the gas flow from the 
purged sampling rig and sample canister. 
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Once the system was nitrogen purged all the taps were closed apart from tap 5 and the 
generator was started. The pump then began to draw water through the pump tubing 
and into the waste Jerry can. This allowed the nitrogen cylinder to be disconnected 
and a thick plastic tube to be connected and placed into the Jerry can. Tap 5 was 
closed and taps 4, 3 and I (in this order) were opened to allow the groundwater to 
flow through the flow-cell and into the waste Jerry can. The converter was used to 
adjust the speed of the pump and thus the groundwater flow rate. The groundwater 
flow rate was measured initially using a litre measuring cylinder and stopwatch. 
However during later sampling visits a flow-meter was fitted to the piping between 
the sampling rig and the sample canister. The flow was adjusted to give a flow that 
did not deplete the borehole water depth. The water depth was monitored 
continuously using the dip-tape and sensor. Although an initial decrease in water 
level was expected, an appropriate pump rate allowed a constant water level that was 
normally just below the original water level. If the water was depleted at a low pump 
rate then the borehole was considered unsuitable (non-transmissive) for sampling. 
With the groundwater flowing through the flow-cell, pH, EH, conductivity, dissolved 
oxygen concentration, temperature and conductivity reading were measured 
periodically. Off-line iron concentration measurements were also made periodically 
using a Hanna portable iron meter. The pump, sampling rig and flow-cell were 
purged with the groundwater until the iron, EH, pH, conductivity, and dissolved 
oxygen concentration measurements had become steady. This could involve purging 
up to 100 dm3 of groundwater from the borehole. 
The initial groundwater purged from the borehole varied from light brown to a deep 
orange-brown in appearance depending on the borehole. However, normally within 
20 dm3 of purged groundwater the appearance of the groundwater changed to a 
colourless solution. This may be explained by the initial disturbance of geological 
sediment and artefacts, particularly iron, from the bottom of the borehole pipe. 
When the purging was complete, tap 1 was closed and taps 2, 6 and 7 (in this order) 
were opened to allow the sample canister to be filled. The flow rate was decreased 
due to the narrower tubing connected to the canister. The flow was observed by the 
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nitrogen bubbling from the canister through the bottle of de-ionised water. During 
later sampling visits the flow rate was measured using the flow meter. 
Measurements of the pH, EH, conductivity, dissolved oxygen concentration, 
temperature and conductivity were continually collected whilst the canister was being 
filled. The water level of the borehole was also monitored during sampling to ensure 
that the water level remained constant. The canister was considered full either by its 
change in weight or if the groundwater flowed through tap 7 and into the de-ionised 
water bottle. Once the canister was full taps 6 and 7 were closed and the canister was 
disconnected form the sampling rig. The pump was stopped and all the pipes were 
drained back into the borehole. The purged groundwater was disposed of at a suitable 
disposal site on the Drigg site. The equipment was rinsed with de-ionised water and 
returned to the Drigg laboratory. The probes and meters were disconnected from the 
flow-cell, rinsed with de-ionised water and stored in appropriate solutions until 
required. 
Throughout this report the measurements of EH, pH, temperature, conductivity, 
dissolved oxygen concentration and iron concentration will be referred to as the 
physical condition of the sample. 
Section lA examines the difficulties associated with the sampling and storage of 
groundwater samples containing colloidal matter. Throughout the sampling visits the 
sampling criteria and sampling / sample preparation procedures were followed as 
closely as possible, given the equipment available and the sampling conditions 
encountered. For groundwater samples requiring ultra-filtration no air contact was 
permitted prior to filtration. With the samples collected in November 1999 ultra-
filtration of all the samples was conducted within a week of sampling. However there 
were concerns over the stability of the far field groundwater samples and 
consequently ultra-filtration of later samples was carried out at the Drigg laboratories 
within 24 hours of sampling. Samples were taken directly from the stainIess steel 
sample canisters into an ultra-filtration rig, which reduced the possibility of 
introducing of contamination to the sample. Thus there was no addition of acids or 
antibacterial agents to the original sample or to the filtrates prior to colloid analysis. 
Sample handling, particularly of the ultra-filtration membranes, was kept to a 
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minimum to reduce contamination. Samples for radiochemical analysis were allowed 
to become aerobic after ultra-filtration or after sample collection if no ultra-filtration 
was required. If precipitation or sedimentation occurred within the aerobic samples, a 
minimal amount of nitric acid was added to ensure solubilisation of the precipitate or 
sediment. 
Apart from the first sampling visit, transport of the samples prior to filtration was kept 
to minimal by the use of Drigg laboratories. After filtration the samples were 
transported to the Loughborough laboratories to complete the analyses. 
2.2.1 Development of Sampling Procedure 
Although the fieldwork concerned within this study was originally based on work 
reported by the research of Verrall 35 and the British Geological Survey 544, the 
sampling procedure was developed further throughout this three-year study. 
After the initial sampling visit in November 1999, an iron meter was purchased to 
enable in situ measurements of the iron present in the groundwater. A Dissolved 
Oxygen Concentration (DOC) probe was added to the flow-cell for the August 2001 
sampling visit. The inclusion of the iron meter and the DOC allowed further 
characterisation of the groundwater samples during purging and sampling. These 
measurements enabled a more accurate detennination of when purging was complete 
and a representative groundwater sample could be collected. 
To enable constant physical condition measurements to be achieved, there was an 
increase in the volume of purged water, up to 100 dm3, in comparison to the previous 
study 35. 
The use of an oxygen sensor to determine the removal of oxygen from the purged 
sampling rig, and pre-nitrogen purging of the stainless steel sample canisters, allowed 
the reduction of field purge time from an arbitrary 2 hours to a verified 15 minutes. 
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A flow meter (Cole Palmer Acrylic in-line flow meter (range 0.4 - 4 dm3 per minute)) 
was incorporated into the sampling rig during the November 2001 visit. This allowed 
accurate detennination of the flow of groundwater into the sample canisters. 
Therefore any fluctuation in the physical condition of the groundwater due to changes 
in flow-rate could be explained as well as providing a more accurate method for 
detennining the volume of groundwater collected in the sample canisters. 
As mentioned previously, after the initial visit the ultra-filtration of the far field 
ground water samples was carried out at the Drigg laboratories. This reduced the 
possibility of deterioration of the groundwater samples before filtration. This was 
particularly important given the anaerobic properties of the groundwater. 
The sample collected in May 2001 was used to determine the presence of radioactivity 
in the far field groundwaters. Minimal amounts of alpha, non-tritium beta and gamma 
activities were measured. Therefore, activity determination within far field samples 
required large volumes of groundwater sample compared to those collected in the 
previous study 35. 
2.2.3 Physical Condition Measurements of Far Field Groundwater Samples 
The physical condition of the groundwater was examined by the measurement of pH, 
EH, conductivity, temperature, dissolved oxygen concentration and iron concentration. 
2.2.3.1 pH Measurements 
The pH measurements were made using an Orion 910600 pH probe with an Orion 
model 250A meter. The probe and meter were calibrated by a two-point calibration 
protocol programmed into the pH meter, using Fisher Chemicals pH buffers of pH 7 
and 10. The pH buffers used were a phosphate pH 7 buffer and a borate pH 10 buffer 
supplied by Fisher Scientific, UK. 
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2.2.3.2 EH Measurements 545 
The redox activity of a solution is its ability to accept or transfer electrons. The most 
common method of measuring redox activity is by the determination of the electrode 
potential, EH, of the system against the Standard Hydrogen Electrode (SHE). When 
considering water, a high EH denotes an oxidising water and a low EH denotes a 
reducing water. Above and below EH limits, water is considered unstable, i.e.: 
At high EH 
and at low EH 
~2+2W +4e' ++ H20 
H30+ + e' ++ ~2 + H20 
Ea = 1.23 V 
Ea = 0.00 V 
The EH is related to the standard redox potential EHO by the Nemst equation: 
[mY] (eq.2.2.3.2) 
Where EHa is the standard potential of a redox reaction if both reductant I oxidant are 
in their standard states at equal concentrations, n is the number of electrons 
transferred, F is the Faraday constant, R is the molar gas constant and T is the 
absolute temperature, 
and solving for EH, High EH = 1.23 - 0.059 pH 
Low EH = - 0.059 pH 
Therefore, taking the pH to be 7, a high EH (highly oxidising) water would be defined 
as 817 mV and a low EH (highly reducing) water would be defined as - 431 mY. The 
estimated crossover point between anaerobic and aerobic would be an area between 
these two extreme values which would be approximately 100 - 330 mY. After 
correction against the SHE this crossover point becomes approximately 350 - 550 
mY. 
Dissolved oxygen levels vary with temperature, and oxygen is consumed in the 
degradation of organic matter in natural waters. The dissolved oxygen content of 
79 
Drigg Experimental 
natural water is an indication of its oxidizing or reducing characteristics and is related 
to the EH through the Nernst equation and Henry's Law (see section 3.3) 548. 
The redox potential of a water sample is largely governed by the dissolution of 
oxygen and the utilisation of the gas by organisms and chemicals (natural and man-
made). The oxidising or reducing character of the water determines the chemical 
form of redox sensitive elements within natural waters. For redox sensitive elements 
a change in oxidation state can result in almost complete precipitation or dissolution 
of the element and therefore its transfer from the water to the sediment or vice versa. 
For example the oxidation of iron (11) to iron (Ill) results in the precipitation of 
dissolved iron from solution to a bright orange-brown hydrate iron (Ill) oxide solid, 
normally written as FeOOH. 
The EH measurements were made using an Orion 9678BN Ag/ AgCl redox probe with 
an Orion model 250A meter. The accuracy of probe and meter was examined using 
two solutions with potentials of approximately 234 mV (solution A) and 300 mV 
(solution B). Solution A, contained 0.1 mol dm·3 potassium ferrocyanide and 0.05 
mol dm-3 potassium ferricyanide and was prepared by the addition of 4.22 g of 
potassium ferrocyanide and 1.65 g of potassium ferricyanide in 100 cm3 deionised 
water. Solution B, contained 0.01 mol dm-3 potassium ferrocyanide, 0.36 mol dm-3 
potassium fluoride and 0.05 mol dm-3 potassium ferricyanide and was prepared by the 
addition of 0.422 g of potassium ferrocyanide, 3.39 g potassium fluoride and 1.65 g of 
potassium ferricyanide in 100 cm3 deionised water. The EH probe was first contacted 
with solution A, and the EH noted, the probe was rinsed with deionised water and 
placed in solution B and the EH measured. According to the manufacturers guide, the 
potential should be approximately 66 m V greater in solution B than in solution A. 
As the EH measurements were made using an Ag/AgCl redox probe, the values 
required standardisation with respect to the Standard Hydrogen Electrode (SHE.). 
The standardisation of the EH values enables comparison of other EH measurements 
carried out, irrelevant of the redox probe used. To convert the EH reading the 
following equation is used: 
ESHE=Eo+ET [mY] (eq.2.2.3.2) 
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Where, ESHE is the redox potential of the sample relative to the SHE, Eo is the 
potential measured using the Ag/ AgCl probe, and Er is the potential developed by the 
reference electrode portion relative to the SHE at a given temperature. Given the 
probe and filling solution, the electrode potential has been determined at a range of 
temperature between 10 and 30°C 546. Therefore using the equation of the line for the 
graph of temperature against electrode potential (see figure 2.2.3 below), the correct 
value of the electrode potential was determined at the temperature of the sampled 
groundwater. Hence, by measuring the EH (Eo) of the solution and calculating the 
electrode potential, the redox potential with respect to SHE was determined from 
equation 2.2.3 .2. 
Figure 2.2.3 Graph of temperature against electrode potential, Er. 
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2.2.3.3 Conductivity and Temperature Measurements 
30 
Conductivity is the measure of the ability of an electric current to pass through a 
substance. Thus, for solutions it is the study of the motion of the ions within the 
solution or the electrical resistance of the solution. 
The conductivity and temperature measurements were taken using an Orion 011050 
conductivity probe with an Orion model 105 meter. The probe and meter were 
calibrated for conductivity measurements using a one·point calibration with a Hanna 
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Instruments 1431 IlS (at 25°C) potassium chloride calibration solution, supplied by 
Fisher Scientific, UK. The probe was place into the calibration solution to cover the 
bottom 5 cm3 of the probe. The calibration solution was stirred using a magnetic 
stirrer. Included with the calibration solution was a table detailing the conductivity of 
the calibration solution at various temperatures. When the meter reading had 
stabilised if the conductivity reading was incorrect given the temperature, the meter 
was calibrated by adjusting the 'slope' on the meter. As conductivity is dependent on 
temperature the probe and meter had a built in temperature probe allowing 
temperature measurements to be made. 
2.2.3.4 Dissolved Oxygen Measurements 
This probe was first used in the flow-cell during the August 2000 visit to Drigg. The 
dissolved oxygen measurements were made using a Jenway model 9071 dissolved 
oxygen meter. To calibrate the meter and probe, a 'zero oxygen' solution was 
prepared by dissolving 2 g of sodium sulfite (Fisher Chemicals, Fisher Scientific, UK) 
in 100 cm3 deionised water. The battery was fitted into the meter and switched on and 
then the probe was connected to the meter. Using the 'mode keypad', zero was 
selected and the display set to "000" using the 'zero' control dial. Using the mode 
keypad % was selected (for percentage saturation), and the probe immersed in the 
zero solution for 10 minutes to allow the probe to polarise. To prevent waiting for the 
probe to polarise each time before calibration, the probe was stored connected to the 
meter. The meter keeps the probe polarised even when switched off. After 
polarisation the probe was removed from the zero solution and held approximately 1 
cm3 above the water level of a clean beaker containing deionised water. To use the 
probe for mg dm·3 measurements, the calibration procedure must take into account the 
barometric pressure. Knowing the barometric pressure and using a table supplied by 
the manufacture, the appropriate percentage saturation figure was selected to complete 
the calibration procedure. For measurements made at the Loughborough laboratories 
the barometric pressure was measured using a Casella barograph situated in the 
Geography Department at Loughborough University. For measurement made in situ 
at Drigg, the barometric pressure was measured using a portable barometer 
(Electronic Weather Station, Cole Palmer, cat no. 99760-00) supplied by BNFL. To 
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complete the calibration procedure, using the 'slope' control dial the reading was set 
to the appropriate saturation value given the barometric pressure. 
2.2.3.5 Iron Measurements 
Iron measurements were undertaken for two reasons; firstly to ensure that the 
borehole had been fully purged of stagnant water which may contain rust from the 
borehole pipe, and secondly, to ensure that the iron present was inherent in the 
ground water sample and not being removed from the borehole pipe as sampling 
proceeded. 
For the duration of the November 1999 visit to Drigg, the iron measurements during 
the purge I sampling period were detennined at the Drigg laboratories using the 
potassium thiosulfate laboratory method 547. To determine the iron concentration, 40 
cm3 of sample were transferred to a 50 cm3 volumetric flask. To the flask was added 
5 cm3 of a potassium thiosulfate solution (2 mol dm-3) and 3 cm3 of nitric acid (4 mol 
dm-3) supplied by Fisher Scientific, UK. The solution was then diluted to 50 cm3 
using deionised water. The solutions were then mixed thoroughly and measured on a 
UVNis spectrophotometer at an absorbance of 480 nm. A calibration graph was 
constructed using various concentrations of an iron standard stock solution. The 
standard stock solution of 0.1 mg dm-3 of iron was made using 0.864 g ammonium 
iron (Ill) sulphate, with 10 cm3 concentrated hydrochloric acid diluted to 1 dm-3 with 
deionised water. Further dilutions from the stock solution using deionised water 
enabled a rang or iron concentrations to be prepared. The standards were prepared in 
the same way as the samples and were also measured at an absorbance of 480 nm. 
Deionised water was used as the background blank and prepared in the same way as 
the samples. 
During purging I sampling of groundwater, samples (c.a. I dm3) were collected in 
plastic bottles, (acid washed and rinsed with deionised water), and returned to the 
Drigg laboratory for analysis. The UVNis spectrophotometer used at the Drigg 
laboratories was a Pharmacia Biotech Ultraspec 2000 spectrophotometer. For the 
determination of iron in the filtrate samples, carried out after ultra-filtration, 50 cm3 
samples were collected and the procedure was followed as outlined above either at the 
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Drigg or Loughborough laboratories. For analyses carried out at the Loughborough 
laboratories a Philips PU8730 UV Nisible Scanning Spectrophotometer was used. 
For subsequent sampling visits a portable Hanna HI93721 iron high range meter was 
used at the sample site. A 10 cm3 sample was collected into the cuvette and the 
baseline was stored using the iron meter. A sodium metabisulfate reagent was added 
to the sample to promote a colour change. The change in colour is proportional to the 
iron content. The cuvette was then placed back into the iron meter and the iron 
concentration was measured, giving a reading in mg dm-3• This allowed the iron 
content of the groundwater to be monitored so that the groundwater sample could be 
taken when the iron concentration had stabilised. The iron meter had a concentration 
range of 0.0 to 5.0 mg dm-3_ Therefore if the iron concentration of the groundwater 
sample was above 5.0 mg dm-3, the sample was diluted using de-ionised water and re-
measured. The final iron results quoted take into account any dilution factors. The 
iron meter was tested for accuracy using iron standards of iron ammonium sulfate at 
selected mg dm-3 concentrations. The iron meter was found to be accurate to 1 
decimal place. 
A combination of either the potassium thiosulfate laboratory method or the iron meter 
was used for the determination of iron in the filtrate samples, for groundwater samples 
collected after the November 1999 sampling visit_ However where possible the iron 
meter was preferred because it allowed a direct comparison with measurements made 
during the collection of the groundwater samples. 
During the November 2001 I January 2002 the measurement of iron in the filtrate 
solution was carried out using the reagent from the portable iron meter and the 
UVNis spectrophotometer at the Drigg laboratories. A calibration curve was 
constructed using iron ammonium sulfate at selected mg dm-3 concentrations, thus 
allowing the determination of iron present in the groundwater filtrates_ 
Where possible duplicate measurements where made. However this was not possible 
during in situ purge and sampling measurements due to the constant flow of pumped 
groundwater during the sampling procedure. 
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2.2.3.6 Carbonate and Bicarbonate Alkalinity 
Field alkalinity titrations were carried out for two samples collected in November 
2001 by Mr A Eilbeck. The titrations were carried out by adding a sachet of 
phenolphthalein indicator powder (70 mg) to a groundwater sample of known volume 
(25 cm3). The sample was titrated against 0.01 mol dm-3 sulfuric acid, using a Hach 
digital titrator until the solution was colourless, and the titre reading noted. A few 
drops of BDH 4/5 indicator were then added and the titration continued until a light 
violet-grey colour persisted. This two-stage titration allowed the determination of 
hydrogen carbonate and carbonate alkalinity. The initial part of the test gives the 
carbonate concentration, and the second part gives the bicarbonate plus the carbonate 
concentration. Therefore subtraction of part one from part two gives the hydrogen 
carbonate concentration. 
2.3 Ultra-filtration of the Groundwater Samples 
Sequential ultra-filtration was perfonned to separate the particulate, colloidal and 
ionic fraction of each far field groundwater sample. Up to four membranes were used 
for ultra-filtration. A 12.0 j.lIIl membrane was used initially to remove any large 
particles and thus avoid subsequent clogging of the following filter membranes. The 
second filter was a 1 j.lIIl membrane, as the particulate matter was assumed to be > 1.0 
j.lIIl in size and colloidal matter was assumed to be <1.0 j.lIIl in size. To separate the 
colloid fraction into 'large' colloids and 'small' colloids a 30,000 Dalton molecular 
weight membrane was used. It was assumed that the ionic fraction was below 500 
Dalton molecular weight, so a 500 Dalton molecular weight membrane was used to 
separate the ionic fraction. 
Figures 2.3.1 and 2.3.2 show a diagram and photograph of the anaerobic filtration rig 
respectively. The anaerobic filtration rig consisted of four Amicon ultra-filtration 
stirred cells (model 8400) of capacity 350 cm3 connected in series 548. An exploded 
view of an Amicon ultra-filtration cell is shown in figure 2.3.3. A nitrogen cylinder 
was connected to the filtration rig via a dialysis selector (model CDS 10), which 
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allowed either nitrogen to flow straight to the cells or firstly into the sample canister, 
thereby allowing the groundwater samples to be introduced into the filtration rig. The 
Amicon cells and all sample tubing were washed regularly with 0.5 mol dm·3 
hydrochloric acid (certified) and rinsed thoroughly with de-ionised water (=18 MQ). 
The 12.0 Ilm and 1.0 J.lffi membranes used were Whatman polycarbonate Cyc1opore 
and polycarbonate Nuc1epore membranes respectively. Before use these membranes 
were washed ten times with de-ionised water. The 30,000 and 500 Dalton molecular 
weight membranes were Amicon YM cellulose membranes. Before use these 
membranes were soaked contact-side down in a beaker of de-ionised water for 1 hour. 
The de-ionised water was changed three times during the hour period. All membranes 
were supplied by Fisher Scientific, UK. 
Figure 2.3.1 Diagram of anaerobic filtration rig. 
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Figure 2.3.2 Photograph of anaerobic filtration rig. 
Once the membranes had been positioned in the cells, the system required nitrogen 
purging for approximately two hours. The purging ensured that the sample would not 
be altered whilst filtering by the presence of oxygen in the filtration rig. The ' gas' 
position was selected on the dialysis selector and the nitrogen cylinder opened to 
allow approximately 15 p.s.i. pressure through into the filtration rig. Ensuring that the 
appropriate taps were open on the filtration rig the gas was allowed to flow through 
the cells sequentially and bubble out into a beaker of de-ionised water. To allow the 
groundwater sample to be filtered, the dialysis selector was switched to the ' liquid ' 
position and tap A opened. 
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Figure 2.3.3 Exploded view of an Amicon ultra-filtration cell 548. 
Item 
No. Description 
I. Body 
2. lIembntne Holder 
l. Cap Assembly 
4. O-ling 
S. Base 
6. Stirrer Assembly 
1. O-ling 
8. Tube Fitting Assembly 
9. Tubing. Elastomeric 
10. Tubing. Plastic 
11. Stand Assembly 
The canister was pressurised further with nitrogen from the cylinder for 
approximately 30 seconds and then tap B was opened to allow the groundwater 
sample to enter the filtration rig. During filtration the stirrer bars were turned on 
whilst the cells contained any liquid sample. After the appropriate volume of sample 
had been filtered tap B was closed, the dialysis selector was switched to 'gas', and 
then tap A was closed. The cells were purged with nitrogen after the groundwater 
filtration to ensure no sample was left in the cells and to 'dry' the membranes to stop 
bacterial growth. The stirrers were switched off whilst purging with nitrogen to make 
sure the membranes were not damaged by their action. 
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During ultra filtration of the membranes it was observed that a residual sample 
volume remains on the membrane, even with prolonged nitrogen purging. This 
sample may contain small particles that should pass through the membrane but instead 
may become trapped on the surface after filtration has ceased. Therefore for samples 
filtered in August 2000 and after, the membranes were 'washed' with deionised water 
(18MQ). The deionised water was pre-fiItered through a 30,000 Dalton membrane to 
remove any particulates. The deionised water was then place into the first ultra 
filtration cell and purged with nitrogen in addition to the membranes for ultra 
filtration. After the sample filtration had occurred, the deionised water was washed 
through the membranes. The cells were then purged with nitrogen to 'dry' the 
membranes. As the procedure required the use of the first ultra filtration cell, only up 
to 3 membranes could be used for filtration. 
To allow an un-filtered sample to be removed from the canister the Teflon tubing 
entering the first cell was disconnected. The dialysis selector was switched to 'liquid' 
position and tap A opened to allow the canister to pressurise with nitrogen for 
approximately 30 seconds. Tap B was then opened and the sample was collected. 
If only the > 12.0 J.1ID filtrate was to be collected then the filtration rig was only fitted 
with the 12.0 J.1ID membrane and one cell was purged. If the >1.0 /lm filtrate was 
required then the 12.0 /lm and 1.0 J.1ID were fitted and two cells were purged. For the 
collection of the >12.0 J.1ID or > 1.0 J.1ID filtrates, the cells were nitrogen purged for 
only an hour because the nitrogen flow rate was greater through these two membranes 
than through the 30,000 and 500 Dalton membranes. For the >30,000 Dalton filtrate 
only three cells were fitted with membranes and purged. For the >500 Dalton filtrate 
all four cells were fitted with membranes. The 500 Dalton membrane decreased the 
flow through the filtration rig considerably. To ensure the rig contained no oxygen 
when all four filter membranes were in place, the rig was left overnight to purge with 
nitrogen. The flow was so slow that it could take up to two days to purge and filter a 
litre of>500 Dalton filtrate. 
The filtrates were collected into pre-washed polypropylene bottles and volumetric 
flasks of different volumes depending on the analysis that was to be carried out. 
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These were acid washed using concentrated hydrochloric acid, rinsed with 0.5 mol 
dm·3 hydrochloric acid and tap water and then finally thoroughly rinsed with de-
ionised water. Table 2.3.1 and 2.3.2 details the approximate volumes filtered or 
collected for each analysis. 
All the membranes were dried in a dessicator (silica gel) after filtration to prevent the 
growth of bacteria or microbes. 
The density of the groundwater samples was assumed to be approximately 1 g cm·3, 
therefore all filtrates were weighed and thus their volume known. 
Table 2.3.\ Volumes collected for analysis on the un-filtered groundwater sample. 
Analysis Volume sampled (cm3) 
Gross Activity 50 
Tritium Activity 75 
Gamma Activity 1000 
Gross Alpha / Non-tritium Beta Activities 2000 
Iron Concentration 80 
Table 2.3.2 Volumes filtered or collected for analysis on the groundwater filtrate 
samples. 
Analysis Volume sampled (cm) 
Colloid Population 5 - 15 
Element Content of Colloids 5 - 15 
Gamma Activity 1000 
Gross Alpha / Non-tritium Beta Activities 2000 
Iron Concentration 100 
Apart from the November 1999 samples it was intended that all filtrations should be 
carried out at the Drigg laboratories. If possible, depending on the stability of the 
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groundwater sample, further filtration was performed when returning to the 
Loughborough laboratories. A particular difficulty was the filtration of samples 
through the 500 Dalton membrane, due to the slow purge and filtration rate. 
Therefore as a result some samples were only filtered through the 500 Dalton 
membrane rather than sequentially through the 12 fUll, 1 fUll and 30,000 Dalton 
membranes first. 
2.4 Concentration of Groundwater Samples 
On the first analysis gamma activity measurements for far field groundwater samples 
were found to be near, or less than, minimal detectable limits. Therefore the 
groundwater samples required concentration. Groundwater sample C6/3 May 2001 
was specifically collected to establish whether concentration would allow gamma 
activity to be detected within the far field samples. The sample was concentrated by 
reducing the sample volume by evaporation. The results showed that concentrated the 
sample allowed gamma activity to be detected and therefore other far field samples 
were also concentrated. 
Sample concentration was carried out by rotary evaporation using a Bilchi RElll 
rotavapor with a Bilchi 461 water bath. The samples were concentrated at a 
temperature of 60°C under a reduced pressure. During concentration an orange 
precipitate formed within the sample flask. This was because the sample became 
aerobic causing oxidation of iron and because of precipitation due to concentration. 
To dissolve the precipitate, a minimal volume of mineral acids was added to the flask. 
2.5 Analysis of Samples - Experimental Methods 
2.5.1 Sample Integrity 
The in situ measurements made at Drigg were repeated on returning to the 
Loughborough laboratories to ensure the integrity of the samples. Thus the pH, EH, 
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conductivity, temperature, dissolved oxygen and iron concentration measurements 
were repeated and compared with those obtained at Drigg during the sampling 
procedure. This was important particularly for the November 1999 samples, as the 
groundwater was not filtered until returning to the Loughborough laboratories. If the 
results were comparable with those made during the sampling procedure the sample 
was considered to be 'stable' and filtration could go ahead. After November 1999 the 
samples were filtered at the Drigg laboratories straight after sample collection had 
occurred. Therefore repeating the in situ measurements on these samples after 
returning to the Loughborough laboratories, was to examine the stability of the 
groundwater after sampling, filtration and transportation. However if the sample 
remained stable further filtration was carried out at the Loughborough laboratories if 
required. 
The readings were made using either Loughborough laboratory meters or the Drigg in 
situ meters. The pH probe was an Orion Agf AgCl sure-flow pH probe (9 1 65BN) with 
an Orion model nOA bench top meter. The EH probe was an Orion 9678BN redox 
probe with an Orion model nOA bench top meter. The conductivity readings were 
made on a Hanna HI8633 conductivity meter or the Drigg conductivity probe and 
meter. The temperature was measured on a 'surecheck' digital thermometer. The 
dissolved oxygen measurements were repeated on the dissolved oxygen meter used at 
Drigg. The probes and meters were calibrated as described for the in situ readings 
made at Drigg, except the pH probe used three buffers, at pH 4, 7 and 10. The iron 
concentration was determined either by the Drigg iron meter or the wet chemistry 
technique outlined in section 2.2.1. 
2.5.2 Scanning Electron Microscopy (SEM) 549,550 
SEM is widely used for size distribution and particle concentration measurements for 
colloidal phases. 
The Scanning Electron Microscope (SEM) provides images of high spatial resolution, 
usually using the secondary electron signal. The image displayed on a cathode ray 
tube (CRT) is created by scanning the focused electron beam in a raster pattern across 
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an area of the sample while synchronously scanning an analogue pattern on the CRT. 
The CRT brightness is modulated on the basis of the intensity of the signal of interest. 
SEMs typically use accelerating voltages between 5 and 30 keY. Sample preparation 
is minimal, and spatial resolutions of the order of tens of Angstroms are attainable. 
2.5.2.1 Filtration for SEM Examination 
Sample volumes of approximately 10 cm3 were sequentially filtered, under nitrogen, 
through 12.0 I1m, 1.0 I1ID and 30,000 Dalton membranes. This volume was 
determined as being appropriate during the filtration of the November 1999 samples. 
Various volumes between 5 and 100 cm3 were filtered and the membranes examined 
by SEM. Sufficient volume was filtered to allow several colloids to be observed on 
an examined piece of membrane. From this investigation a volume of approximately 
10 cm3 was selected as a suitable volume to allow an appropriate amount of colloidal 
matter to be isolated on the membranes. It was essential that the membranes were 
kept as clean as possible and were not handled excessively. Tweezers were used to 
manipulate the membranes at all times. After filtration the membranes were placed in 
plastic petri dishes and completely dried in a dessicator. After the membranes were 
dry the petri dish lids were sealed and the samples stored until SEM analysis. 
2.5.2.2 SEM Sample Preparation and Analyses 
The samples were analysed at the Iustitute of Polymer Technology and Material 
Engineering (IPTME) at Loughborough University. For samples analysed between 
November 1999 and October 2001, either a Cambridge Steroscan 360 with Link 
System Energy Dispersive Analyser or a TEM instrument (see section 2.5.4) in SEM 
mode, were used. After October 2001 samples were examined using a LEO 1530VP 
scanning electron microscope coupled with an EDAX Phoenix Energy Dispersive 
analyser. The LEO 1530VP instrument was the most recently commercially 
available, and offered greater resolution, elemental analysis software and the storage 
of images and data electronically. The sample preparation was the same for either 
instrument. 
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Only the 30,000 Dalton membranes were examined for colloid population. A small 
segment was cut from the sample membrane and mounted on a I cm3 diameter 
aluminium stub using an adhesive tab. The samples were then lightly coated with 
gold (approx. 20 mn depth) by D.e. sputtering using an Edwards EI2 evaporation unit 
with spluttering attachment. The magnification used varied between x 2,000 and x 
20,000 depending on the colloids observed. For samples examined on the Steroscan 
SEM and TEM instrument, the images were collected using a camera film, which was 
later developed to produce photographs. For samples examined on the LEO 1530VP 
SEM the images were saved to a CD and then either examined on a computer VDU or 
a paper copy was printed. By manually counting the colloids on the images and 
relating the colloid number to the area of membrane examined and the volume of 
groundwater filtered, the colloid population could be estimated. The equation below 
illustrates the calculation. Several images were taken of each membrane to give an 
average colloid population. 
According to the Amicon cell (4800 model) operating manual, an area of 4.18x103 
cm2 is available on the membrane for filtration 548. Therefore knowing the area of the 
photograph and magnification used, and the number of colloids counted, the number 
of colloids per dm3 can be calculated using equation 2.5.2. 
X x 4.18 x 10 = colloids dm' ( 
number of colloids J ( 1000 (cm3») 9 3 
in one square micron volume filtered (cm 3 ) 
(eq.2.5.2) 
The error was detennined as the standard deviation of the colloid population for each 
sample. A high standard deviation (c.a. 50%) was calculated for this method of 
estimating colloid population. 
2.5.3 Energy Dispersive X-ray Spectrometry (EDS) 549550 
Both the SEM instruments were linked to Energy Dispersive X-ray Spectrometers 
(EDS), which enable the determination of the elemental content of the isolated 
groundwater colloids. 
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When electrons of an appropriate energy impinge on a sample, they cause the 
emission of x-rays whose energies have a relative abundance depending on the 
composition of the sample. Every element emits a unique pattern of x-rays. 
Furthermore, under given analysis conditions, the number of x-rays emitted by each 
element b~ars a relationship to the concentration of that element. The x-ray emissions 
are detected and analysed through a number of electronic components. The x-ray 
photon first creates a charge pulse in a semi-conductor detector. The charge pulse is 
then converted into a voltage pulse whose amplitude reflects the energy of the 
detected x-ray. Finally the voltage pulse is converted into a digital signal, and 
counted using a multi-channel analyser; hence an x-ray spectrum is produced. 
2.5.3.1 SEM-EDS Sample Preparation and Analyses 
Both SEM instruments had a linked energy dispersive spectrometer; this allowed the 
morphology of individual particles to be examined. 
The sample prepared for the SEM observation was re-examined for EDS analysis. 
For the Steroscan instrument this had to occur separately from the membrane 
examination for colloid population due to the set-up of the instrument. For the LEO 
l530VP instrument the colloid population imaging and the elemental analysis of 
selected particles could be achieved simultaneously. The magnification used varied 
between x 2,000 and x 20,000 depending on the colloids observed. An image of the 
membrane was viewed and an individual particle was selected for elemental analysis. 
Although the analysers on both instruments operated similarly, the software available 
to manipulate the data was different. 
For analyses using the Steroscan instrument, the results were presented as a spectrum 
of intensity against energy (keV). An example is displayed in figure 2.5.3.1. The 
software on the EDS instrument labelled the peaks with the corresponding element at 
that energy. Peaks from the gold layer could be seen on the spectra but did not 
interfere with the elemental analysis of the colloids. Each membrane was examined 
for at least 15 particles. To interpret the spectrum, tables were constructed to mark 
the elements present within the colloid sample. The largest peak on the spectrum was 
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assumed to be the most predominate element present in the sample. Therefore the 
predominant eJement(s) was indicated by a 'X' and other elements present were 
indicated by a 'x'. An example is shown in table 2.5.3.1. 
Table 2.5.3.1 Table illustrating method for indicating elements detected within 
particuiate and colloidal samples isolated from Drigg groundwater by 
EDS analysis. 
Particle ELEMENTS PRESENT 
Size (/lm) Al Cal Cl Cr Cu Fe K MglMn Na Ni Pb S I Si Ti ZniOr/UD 
0.5 xO.8 x xix x x x X 
1.0 x 1.0 I 
, 
X x x x Ix X x , , I , 
1.0 x 2.0 x I I X , i 
0.6 x 0.6 I I I I I 1-+ I X I I , ::--0.5 x 0.5 I I X , , , 
0.4 x 0.4 I I I X I , I I , I I I I , X , I I , , 
0.5 x 0.5 ~*-- 'i' , -t---ttrxt--t,------- -~-t- --t-t-0.4 x 0.4 x ! x I 
1.0xO.9 Ix I 
, , I IX I I , x x I I , , , , , , , , 
0.5 x 0.5 
I Ix X I 
, I IX , , , 
• 
, 
OrlUD - organic/un-detectable. 
96 
Drigg Experimental 
Figure 2.S.3.1.A far field groundwater sample analysed using a Cambridge Steroscan 
coupled with EDS analyser instrument. X-ray energy dispersive 
spectra for colloids isolated on a 30,000 Dalton membrane. 
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For samples analysed using the LEO 1530VP - Phoenix instrument the results were 
presented as a spectrum of intensity against energy (keV) coupled with a summary 
table. The summary table detailed each elements %wt, %at, K-ratio and Z, A and F 
parameters. The %wt, is the fmal result in weight percent, i.e. the weight of each 
element detected with respect to the total weight of sample detected after corrections 
have been made to the raw data. The %at, is the final result in atomic percent, i.e. the 
percentage with respect to the atomic mass of each element detected with respect to 
the total atomic mass detected after corrections have been made to the raw data. The 
K-ratio is the 'raw data' i.e. the ratio of x-ray counts on the sample for a given peak, 
divided by that for the pure element from a calculated total. Z, A, and F are the 
correction factors applied to the K-ratio. Equation 2.5.3.1 shows the relationship 
between the %wt and the K-ratio and the ZAF correction factor. 
% wt = _K_-ra_ti-,-o_ 
ZxAxF 
(eq.2.5.3.1) 
Where the Z correction factor accounts for difference in atomic number. A, accounts 
for x-ray absorption, given that low energy x-rays are adsorbed more than high energy 
x-rays. F, accounts for fluorescence, given that x-rays of a given energy can produce 
x-rays of lower energy by fluorescing the target atoms. In practice the ZAF 
corrections assume that the specimen is flat, homogeneous over the analysis area, and 
at least 1 micron thick. Given that the membrane samples did not meet all the ZAF 
correction assumption, the ZAF will be over corrected for these samples. Therefore 
although this technique may not produce completely accurate elemental composition 
results, it is considered acceptable for this study. An example of a spectrum is shown 
in figure 2.5.3.2. The software on the EDS instrument labelled the peaks with the 
corresponding element at that energy. Peaks from the gold layer could be seen on the 
spectra but did not interfere with the elemental analysis of the colloids. At least two 
segments were examined from each membrane, and at least 10 colloidal particles per 
segment. To examine the composition of the colloids the values for the atomic 
percentage present were used. The data was manipulated using a Microsoft Excel 
spreadsheet to group colloids with similar elemental composition. 
98 
Drigg Experimental 
To investigate the use of LEO 1530VP SEM coupled with the EDAX Phoenix EDS 
for quantitative elemental analysis, two lab minerals were examined. Colloid 
suspensions of montmorillonite and kaolin were filtered through cellulose nitrate 
membranes. The membranes were examined by SEM-EDS to determine the 
elemental content of the particles in the suspensions. The SEM-EDS has a thin-layer 
window which allows the detection of light elements including oxygen. Therefore the 
particles were analysed with and without the inclusion of oxygen for the elemental 
composition. Tables 3.4.3 and 3.4.4 show the results obtained for the SEM-EDS and 
ICP data 37 for montmorillonite and kaolin respectively. Although oxygen was 
measured in the samples, to allow comparison of the 'with' and 'without' oxygen 
results, the values were re-calculated for the common elements. The results obtained 
for both montmorillonite and kaolin by the SEM-EDS method, with and without the 
inclusion of oxygen are consistent within error with the ICP data. Due to a lower 
colloid population for the Drigg samples, therefore a greater interference from the 
oxygen present in the membrane and limitations in the SEM-EDS software for 
quantitative analysis of light elements, analyses using SEM-EDS were performed 
without the inclusion of oxygen. 
Table 3.4.3. Results obtained for the SEM-EDS and ICP data 37 for 
montmorillonite. 
Element Detected Si AI K Fe Mg 
ICP>T 77.6 14.8 1.4 2.9 1.8 
EDS Analysed 
82.6± 5.5 10.4 ± 1.9 1.2 ± 0.3 1.1 ± 0.3 2.7 ± 0.5 
without oxygen 
EDS Analysed 
80.7±7.9 11.4 ± 2.3 
with oxygen 
1.0 ± 0.3 1.0 ± 0.3 3.2 ± 0.7 
Na 
0.28 
2.1 ± 0.6 
2.6 ± 1.0 
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Table 3.4.4 Results obtained for the SEM-EDS and Iep data 37 for kaolin. 
Element Detected Si Al K Fe 
lep >1 55 .0 42.5 1.8 0.7 
EDS Analysed 
57.5 ± 0.4 39.9 ± 0.5 1.7 ± 0.4 0.8 ± 0.1 
without O2 
EDS Analysed 
52.7 ± 1.5 44.6 ± 1.2 1.9 ± 0.5 0.8 ± 0.1 
with O2 
Figure 2.5.3 .2. A far field groundwater sample analysed using LEO 1530VP SEM 
coupled with EDAX Phoenix EDS instrument. X-ray energy 
dispersive spectra for colloids isolated on a 30,000 Dalton membrane. 
EDS Spectrum 
Fe 
Au 
Si 
Au 
LlD Z.lO lOO 190 00 1.70 6.60 1.10 8.40 9.30 
2.5.4 Transmission Electron Microscopy (TEM) 397 
For Transmission Electron Microscopy (TEM), the sample must be thin enough to 
transmit high-energy electrons. The sample is subjected to a widely dispersed and 
homogeneous flux of electrons, rather than a focused and scanning pinpoint of 
electrons. Interactions with the sample atoms cause a disturbance in this beam, which 
is focused in a way analogous to the focusing of the light rays in an optical 
microscope. The images are presented on a luminescent plate below the sample, from 
which it can be photographed. TEMs are characterised by low accelerating voltages 
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between 100 and 300 keY and can provide typically spacial resolution of a few 
Angstroms depending on the sample. However sample preparation may be extensive. 
The Scanning Transmission Electron Microscope (STEM), combines the principles of 
the SEM and TEM. A finely focused beam of electrons is scanned over the electron-
transparent samples and the image presented on a CRT. However, the image may 
arise from the transmitted signal, as well as the signals normally imaged in the SEM. 
The ]reatest advantage of STEM analysis is that it avoids the effect of electron beam 
spreading that is present in bulk sample analysis. High-resolution images can thus be 
acquired from signals that exhibit low resolution in bulk samples. 
2.5.4.1 TEM Sample Preparation and Analyses 
Analyses were undertaken at IPTME using a JOEL JEM 100CX TEMlSTEM with 
scanning unit, which is capable of high resolution SEM. For groundwater samples 
collected between November 1999 and October the TEM instrument was preferred for 
colloid population analyses. This was because of the practical resolution on the 
instrument, which was in the range of I om to 5 om which was higher than the 
Steroscan instrument. However, subsequent samples were analysed using the LEO 
1530VP instrument as it offered comparable resolution coupled with the EDS facility. 
For the colloid population analyses, the population was determined by counting the 
number of observed colloids, and applying equation 2.5.2.1 as described in section 
2.5.2. 
The preparation of the membrane for colloid population analyses was identical to that 
described for the SEM instruments in section 2.5.2. 
A study into a second preparation technique only applicable to the TEM instrument 
was also investigated. Some studies have used the technique of dispersing the 
colloids / particles in a solvent and mounting the colloids / particles onto a wire grid 
mount. The advantage is thought to be the separation of any aggregates that may 
form during the isolation of colloids from a solution phase. 
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A 30,000 Dalton membrane containing isolated colloids from a groundwater sample 
was placed upside down in a beaker containing acetone (c.a. 100 cm3). The sample 
was sonicated using a Decon Ultrasonics Ltd., Decon PSIOO Frequency Sweep 
Ultrasonic bath for approximately 12 hours. The volume of acetone was then reduced 
by evaporation to about 10 cm3• A drop of the solution was placed onto a 200 mesh 
copper wire grid using a thin carbon film as a substrate. The grid was mounted into 
the instrument and observed. 
The magnification used varied between x 2,000 and x 20,000 depending on the 
~ 
colloids observed. Again the images were collected onto a camera film which was 
later developed to produce photographs. 
2.5.5 Activity Analysis 
The groundwater samples were analysed for gross activity and tritium activity by 
liquid scintillation counting. Gross alpha and gross non-tritium beta analyses were 
made using a flow-type proportional counter. Gamma activity was measured using 
gamma spectrometry. 
2.5.5.1 Gross Activity by Liquid Scintillation Counting 
The gross activity of each groundwater sample was determined to provide 
documentation for the storage of the groundwater samples. The gross activity results 
are not quoted in this study, as they are estimates of combined activities. 
The gross activities of each sample were determined using a Canberra Packard Tri-
Carb 2750TRJLL Liquid Scintillation Analyser. The three counting channels were set 
manually at 0-18.6 keY, 18.6-2000.0 keY and 0-2000.0 keY. The wide counting 
channel ensured that all pulses I energies were counted. 
The samples were prepared for analysis by weighing 8 g of groundwater sample and 
12 g ofUltama-Gold liquid scintillation cocktail into a scintillation vial. The samples 
were thoroughly mixed using a Fisons Whirlimixer and placed in the counter to light 
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adapt for one hour. Each sample was prepared in duplicate and counted for twenty 
minutes. 
2.5.5.2 Tritium Activity by Distillation and Liquid Scintillation Counting 
The groundwater samples were distilled and then counted by liquid scintillation 
counting to determine the tritium activity. The samples were distilled under reduced 
pressure and gently heated with a water bath on a hot plate. Sodium sulfate ("" 0.1 
mol dm·3) and sodium carbonate ("" 0.1 mol dm·3), supplied by Fisher Scientific, UK, 
were added to a 75 cm3 groundwater sample to prevent volatile species being distilled 
over with the tritium. The first 10 cm3 of distillate were discarded to waste and the 
next 16 cm3 of distillate were collected for liquid scintillation counting. The samples 
were prepared for counting by weighing 8 g of distillate and 12 g of U1tama-Gold 
liquid scintillation cocktail into a scintillation vial. The samples were thoroughly 
mixed using a Fisons Whirlimixer and placed in the counter to light adapt for one 
hour. The counting channel parameters were set between 0.0 and 18.6 keY. Each 
sample was prepared in duplicate and counted for twenty minutes. 
To calculate the percentage counting efficiency of the instrument, the samples were 
then spiked with 5 drops ("" 0.20 g) of a tritium standard of known activity. The 
samples were thoroughly mixed and placed in the counter to light adapt for one hour. 
Each sample was prepared in duplicate and counted for twenty minutes. The counting 
efficiency was found to be approximately twenty percent. 
2.5.5.3 Gross Alpha and Non-Tritium Beta Activity 
A FAG FHT650Kl flow-type proportional counter with measurement and shield 
channel was used for the detection of low-level, non-volatile alpha and beta activity. 
The counter was fitted with a lead shield and sample changer (FHT770M). 
Argon/methane (argon 90 %: methane 10 %) gas was used as the counting gas. 
From each groundwater sample and corresponding filtrate, a 1 dm3 sample was 
transferred into a beaker and evaporated on a hotplate to approximately 50 cm3• The 
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solution was allowed to cool and then transferred to a weighed porcelain dish. The 
beaker was rinsed carefully with deionised water and the rinse solution was added to 
the porcelain dish. Concentrated sulfuric acid (I cm3) was added to the sample and it 
was evaporated to dryness under an infra red (IR) lamp. The dish was then heated in 
a muflle furnace at 350°C for one hour and then left to cool. A weight of 0.283 g of 
ash was selected to give optimum counting efficiency for the counter. In particular it 
was important to ensure that the planchette contained only a thin layer of sample to 
reduce the possibility of self-adsorption of alpha or beta particles into the sample. 
Therefore the residue ash was weighed and 0.283 ± 0.002 g of the ash was slurried 
with methanol and transferred to a 6 cm diameter aluminium planchette. The 
methanol was evaporated under an IR lamp and then the planchette was transferred to 
the counter. All samples were prepared in duplicate. 
For some groundwater samples the ash obtained from the evaporation of 1 dm3 of 
groundwater sample did not produce 0.283 ± 0.002 g of ash. Initially for these 
samples all the ash produced was used for counting. However for latter samples a 
larger volume of groundwater was evaporated to achieve an increased ash weight. 
Any calculations were adjusted to consider the increased volume of groundwater used 
for these samples. 
Each planchette was counted for at least 20,000 seconds in the detector. For beta 
particle counting an aluminium foil shield was placed in the detector. The foil was 
removed for alpha particle counting. 
The percentage counting efficiency (%C.E.) for the detector for alpha particles was 
estimated using an Americium-241 standard and was found to be approximately 30%. 
The beta particle percentage counting efficiency for the detector was measured using 
a potassium-40, potassium chloride standard and was also found to be approximately 
30%. For a background reading a blank planchette was counted. 
All counts were converted to specific activity (Bq dm·3) using equation 2.5.5.3. The 
error was calculated as one standard deviation of the total counts for the sample. 
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Activity (Bq dm·3) = 
total weight of ash (g) ( ) 1000 (cm3 ) 100 -,....-:---:--"----,-~:.......,.- X \c.p.s - bkgd. c. p.s x x---:::-::-
weigth of ash on planchette (g) vol. evaporated (cm3 ) %C.E. 
(eq.2.5.5.3) 
Where, total weight of ash is the total ash from the evaporated sample, weight of ash 
is 0.283 ± 0.002 g, c.p.s. is the measured counts per second, bkgd. c.p.s. is the 
background counts per second, %C.E. is the counting efficiency of the detector for 
either alpha or beta particles, and vol. evaporated is the volume of sample initially 
evaporated down. 
2.5.5.4 Gamma Activity by Gamma Spectrometry 
Gamma spectrometry was performed using an EG&G Ortec GEM Series HPGe 
(High-Purity Germanium) coaxial detector (50 mm crystal, resolution at 1.33 MeV 
60Co is 1.68 keY), connected to a multi-channel analyser. From each groundwater 
sample and corresponding filtrate, a 500 cm3 sample was transferred into a Marinelli 
beaker. If a sample was less than 500 cm3, as with the 500 Dalton filtrates, the sample 
was made up to 500 cm3 using de-ionised water and the dilution factor noted for the 
final activity calculations. As some of the samples became aerobic precipitation 
occurred, therefore the samples were acidified with 5 cm3 of concentrated nitric acid. 
For the acidified samples the change in volume due to the addition of the nitric acid, 
was considered to be minimal in comparison to the volume of sample counted. The 
samples were prepared in duplicate and counted for 180,000 seconds. 
The detector and multi-channel analyser were calibrated using a mixed radionuclide 
standard solution containing 241Am, I09Cd, 57CO, 139Ce,203Hg, wIn, 85Sr, 137CS,60CO, 
and 88y (Item R08-03, Ampoules A917/00 to A945/00) of know gamma activity, 
supplied from the National Physical Laboratory. The standard was diluted to 500 cm3 
and transferred to a Marinelli beaker for counting. Before each sample was counted 
the position of the cesium-137 gamma peak at 662 keY was checked using a c.a. 
0.013 kBq cesium-137 (37 kBq, 9th June 1958) sealed solid source, to ensure the 
spectrum had not drifted due to fluctuations in the detector voltage. For a background 
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reading a MarineIJi beaker containing 500 cm3 of de-ionised water was counted. 
Using the software on the multi-channel analyser the net energy of a peak 
corresponding to a particular element could be calculated. These readings were 
converted to specific activity (Bq dm·3) using equation 2.5.5.4. 
Activity of isotope (Bq dm-3) = 
= 
100 1000 (cm3) __ ..:.1 __ 
x x 
sample volume (cm3) 'Y-probability %C.E. 
net peak area 
x 
count time (s) 
(eq.2.5.5.4) 
Where %C.E., is the percentage counting efficiency of the instrument, sample volume 
(cm\ is the volume of sample used, 'Y probability, is the gamma probability of the 
isotope (4oK 'Y-probability = 0.1 07), net peak area is the area calculated by the 
instrument software, and the count time(s), is the period the sample was counted for in 
seconds. 
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3.0 Drigg Far Field Sample Results 
3.1 In Situ Results at Drigg: Physical Condition of Samples 
To ensure a representative sample was obtained from the far field boreholes the 
groundwater was purged until the physical condition of the sample was stable. The 
physical condition of the groundwater was examined by pH, EH, conductivity, 
te~perature, dissolved oxygen concentration and iron concentration measurements. 
The measurement of these parameters was continued, to monitor the condition of the 
groundwater during sampling. Figures 3.1.1 to 3.1.79, show the in situ physical 
condition measurements with respect to purging and sampling time for all the 
groundwater samples collected. For samples collected after March 2000, the 
sampling measurements are also displayed with respect to the sample containers, i.e. 
a, b, c. 
For the first sampling visit, the in situ iron measurements were performed using a wet 
chemistry technique (see section 2.2.3). During subsequent visits an iron meter was 
used, however this meter could not be incorporated into the sampling rig. Thus iron 
measurements were initially only made during groundwater purging and at the end of 
the groundwater sampling period when the sample rig was switched to run the 
groundwater into a waste container. Extra iron measurements were achieved for later 
samples where the groundwater was collected into several containers. This was 
owing to the groundwater flow being switched to waste container, therefore allowing 
an iron sample to be collected, whilst another sample container was positioned. It was 
expected that an initial decrease in the iron concentration during purging would be 
observed, before a stable iron concentration was achieved. This decrease was due to 
the removal of the residual borehole water containing iron precipitates from the 
borehole pipe. A stable iron concentration during sampling, represented the inherent 
iron concentration present in the groundwater. 
Figures 3.1.1 to 3.1.4 show the in situ pH, EH, conductivity and temperature 
measurements taken whilst purging and sampling borehole C2/2 in November 1999. 
The values remained constant over the purge and sampling period except for the 
conductivity measurements. This variation occurred when the sampling rig out-flow 
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was switched from the waste container to the sample canister. Therefore suggesting 
that the increase in conductivity at 82 minutes was due to a change in sampling flow 
rate. Figure 3.1.5 shows the iron concentration decreasing initially and then 
remaining stable with respect to purge and sampling time as expected. 
Figures 3.1.6 to 3.1.9 show the in situ pH, EH, conductivity and temperature 
measurements taken whilst purging and sampling borehole C6/3 in November 1999. 
The pH, conductivity and temperature values remained constant over the purge and 
sampling period. The EH values were relatively stable, although the stability was 
affected after 13 minutes. This was thought to be due to the switch over from purging 
the groundwater to collecting the groundwater sample. Figure 3.1.10 shows the iron 
concentration initially decreasing and then increasing with respect to purge and 
sampling time. Since the iron analysis was carried out at the Drigg laboratory and not 
at the sample site, the increase in iron was not determined until sampling had finished. 
This highlighted the need to perform the iron analysis at the sample site to ensure the 
iron concentration had stabilised before collecting the groundwater sample. 
For further sampling visits the frequency of the in situ measurements was increased to 
confirm that the physical condition of the groundwater was stable before and during 
sample collection. 
Figures 3.1.11 to 3.1.14 show the in situ pH, EH, conductivity and temperature 
measurements taken whilst purging and sampling borehole C8/2 in March 2000. The 
values remained constant over the purge and sampling period. The graph of iron 
concentration against purge and sampling time is shown in figure 3.1.15. During the 
purge period, the iron concentration measurements stabilised. However a sample 
collected at the end of the sample collection into container 'a', suggested that the iron 
concentration had increased. No further iron samples were collected therefore it could 
not be established whether the iron concentration had increased or the value was a 
spurious measurement. The need for more frequent iron concentration measurements 
during the sampling period was evident. However as the iron samples were collected 
whilst the sampling rig was switched to waste, opportunities to collect samples for 
iron concentration measurements were limited to sampling windows either between 
changing to a new sample container or at the end of the sampling period. 
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Figures 3.1.16 to 3.1.19 show the in situ pH, EH, conductivity and temperature 
measurements taken whilst purging and sampling borehole C6/3 in March 2000. The 
pH, EH and temperature values remained constant over the purge and sampling period. 
Electronic failure of the conductivity meter only allowed three readings to be taken. 
Therefore no conclusion could be drawn regarding the stability of the conductivity 
during the purge I sampling period. However during previous sampling, the 
conductivity had stabilised in a similar manner to the pH, EH and temperature. Figure 
3.1.20 shows iron concentration with purging and sampling time. The results appear 
to be relatively stable. 
A dissolved oxygen concentration probe and meter was purchased and installed into 
the sampling rig flow-cell. This allowed continuous measurement of the dissolved 
oxygen concentration during the purging and sampling of the groundwater. The 
introduction of the probe allowed further characterisation of the groundwater during 
the purge I sampling period. 
Figures 3.1.21 to 3.1.24 show the in situ pH, EH, conductivity and temperature 
measurements taken whilst purging and sampling borehole C6/3 in August 2000. The 
pH measurements remained constant over the purge and sampling period. The EH, 
temperature, and conductivity decreased to stable values during purging, but showed 
some variation during sample collection. The variation appears to coincide with 
switching from 'purge' to 'sample collection' and during changes to different sample 
containers. During purging the flow rate was constant and the EH, conductivity and 
temperature decreased due to the removal of the residual water in the borehole. As 
the first sample was collected, the flow rate dropped due to the resistance of the 
sample flowing into the stainless steel canister, (i.e. a greater pressure was required to 
'push' the sample into the canister). The second sample was collected into a large 
polypropylene bottle, thus the flow rate increased, as there was less resistance for the 
sample to flow into the bottle, (i.e. less pressure was required to 'push' the sample 
into the bottle). The third sample was collected into a second stainless steel canister, 
therefore the flow rate decreased. Figure 3.1.25 shows the dissolved oxygen 
concentration against purge and sampling time. The negative values could be due to 
incorrect calibration with respect to atmospheric pressure. Examining the trend in the 
dissolved oxygen measurements, showed a decrease in the dissolved oxygen 
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concentration was observed with respect to purged time and as the sample vessels 
were changed. Electronic failure of the iron meter whilst in the field resulted in only 
one iron concentration measurement being made. 
Figures 3.1.26 to 3.1.29 show the in situ pH, EH, conductivity and temperature 
measurements taken whilst purging and sampling borehole C8/2 in August 2000. The 
pH, EH, temperature, and conductivity measurements remained constant over the 
purge and sampling period. The dissolved oxygen concentration readings shown in 
figure 3.1.30 show a small decrease in dissolved oxygen concentration over sampling 
time. The dissolved oxygen concentration seemed to be destabiIised after the change 
to the second sample container and then decreased over the remaining sampling time. 
Figure 3.1.31 show the iron concentration with purge and sampling time. 
Measurements made as the groundwater was collected into container 'b', a 
polypropylene bottle, and at the end of the sampling period, demonstrated that the iron 
concentration was stable. 
Figures 3.1.32 to 3.1.35 show the in situ pH, EH conductivity and temperature 
measurements whilst purging and sampling borehole C6/3 in May 2001. The pH 
measurements remained constant over the purge and sampling period. After an initial 
decrease during the purge period the EH measurements remained constant for the 
sampling period. The air temperature on the sampling day was between 10 and 25°C 
depending on the time of day, as determined by the thermometer on the barometer. 
The sampling rig was in direct sunlight throughout the purge and sampling period. 
Therefore the temperature of the groundwater sample was increased as it was pumped 
to the surface and through the black tubing connected from the pump to the sampling 
rig and flow cell into the sample container. Figure 3.1.32 shows a decrease in the 
conductivity measurements over the purge / sampling period. Conductivity 
measurements are related to temperature and flow rate. Therefore the change in 
conductivity maybe attributed to the increase in temperature and the change in flow 
rate due to the switching of sample container. The temperature measurements 
increase throughout the purging and sampling period until they become relatively 
constant whilst canisters 'b' and 'c' were filled. Figure 3.1.36 and 3.1.37 show the 
dissolved oxygen and iron concentrations with respect to purge and sampling time. 
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The dissolved oxygen and iron concentrations remained stable throughout the purge 
and sampling period. 
To further investigate the effect of flow rate on the in situ measurements, a flow meter 
was fitted to the sampling rig between the rig and the sample collection container. 
Borehole C8/2 was purged and the flow rate, pH, EH, conductivity, temperature, 
dissolved oxygen and iron concentration were measured. Figures 3.1.38 to 3.1.43 
show the flow rate plotted with the in situ measurements with respect to purge time. 
From the graphs it appears that the pH, EH, conductivity, temperature, dissolved 
oxygen and iron concentration were not dependent on the flow rate. However 
variations in results had previously been observed whilst switching the sampling rig 
from purge to sample collection and when collecting the sample into different sample 
containers. This suggested therefore that this investigation did not accurately simulate 
the purge I sampling conditions during a normal sampling visit. A possible 
explanation may be the change of pressure, which is a consequence of the different 
sample canisters and containers connected to the rig to collect the sample. Whereas 
during this investigation the groundwater flowed freely into a waste container. 
Large volumes of groundwater were collected over a two-day period for sample C2/2 
November 2001 and sample DDS130 November 2001. This was to allow a large 
sample to be collected for the purpose of concentration to investigate low levels of 
activity. 
Figures 3.1.44 to 3.1.49 show the in situ pH, EH conductivity and temperature, 
dissolved oxygen and iron concentration measurements whilst purging and sampling 
borehole C2/2 on the 13th November 2001. The pH, temperature, conductivity, 
dissolved oxygen concentration and iron concentration measurements were constant 
over the sampling period. The EH measurements increased over the sampling period, 
the increases coincided with the change to different sample containers, in particular 
the last two sample containers. 
Figures 3.1.50 to 3.1.55 show the in situ pH, EH conductivity and temperature, 
dissolved oxygen and iron concentration measurements taken whilst purging and 
sampling borehole C2/2 on 14th November 2001. The pH, EH, temperature, and iron 
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concentration measurements were constant over the sampling period. The 
conductivity measurements were constant during the initial sampling period but 
increased during sample collection into reservoir 'h'. The conductivity measurements 
then re-stabilised as sampling continued. The dissolved oxygen concentrations were 
constant during the purge and initial sampling period, but decreased during sample 
collection into containers 'g', 'h', and 'i'. The iron concentration was stable at the 
beginning of the purge period and during the sampling period, but destabilised at the 
end of the purge period. 
Figures 3.1.56 to 3.1.59 show the in situ pH, EH conductivity and temperature 
measurements whilst purging and sampling borehole DDS130 November 2001 on 15th 
November 2001. The pH, temperature, and conductivity measurements were constant 
over the sampling period. The EH was constant during the purge and initial sampling 
period. The EH measurements were de-stabilised during the switch to container 'b' 
but re-stabilise at a lower EH value. Figure 3.1.60 shows the dissolved oxygen 
concentration measurements with respect to purge and sampling time. The dissolved 
oxygen concentration was constant during sample collection into containers 'a', 'b', 
and 'c' but decreased during sample collection into sample containers 'd' to 'f. 
Figure 3.1.61 shows the iron concentration measurements with respect to purge and 
sampling time. The iron concentration was constant during the purge period however 
some variation was observed in the measurements over the sampling period. 
Figures 3.1.62 to 3.1.65 and 3.1.67 show the in situ pH, EH conductivity temperature, 
and iron concentration measurements whilst purging and sampling borehole DDS130 
November 2001 on 16th November 2001. The pH, EH, temperature, conductivity and 
iron concentration measurements were constant over the sampling period. Figure 
3.1.66 shows the dissolved oxygen concentration measurements with respect to purge 
and sampling time. The dissolved oxygen concentration was constant during the 
initial sampling period, however it decreased gradually as the sample was collected 
into containers 'h' and 'i'. 
Figures 3.1.68 to 3.1.71 show the in situ pH, EH conductivity and temperature 
measurements whilst purging and sampling borehole ClI2 January 2002. The pH, 
temperature, and conductivity, were constant over the sampling period. The EH 
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measurements initially decreased over the purge period but became constant over the 
sampling period. Figure 3.1.72 shows the dissolved oxygen concentration 
measurements with respect to purge and sampling time. There was some variation in 
the dissolved oxygen concentration over the purge and sampling period. Figure 
3.1.73 shows the iron concentration measurements with respect to purge and sampling 
time. The iron concentration measurements were constant over the purge period. 
Electrical failure of the iron meter during the sampling period resulted in no iron 
concentration measurements being obtained during sample collection. 
Figures 3.1.74 to 3.1.77 show the in situ pH, EH conductivity and temperature 
measurements whilst purging and sampling borehole DDSI30 January 2002. The pH, 
EH, and conductivity measurements were constant over the sampling period. The 
temperature measurements were constant over the purge period but decrease over the 
sampling period. The change in temperature was due to the sun setting and therefore 
a decrease in air temperature. Figure 3.1.78 shows the dissolved oxygen 
concentration measurements with respect to purge and sampling time. The dissolved 
oxygen concentration initially decreased over the purge period and then stabilised 
before sampling commenced. As the sampling rig was switched to collect the 
groundwater sample the dissolved oxygen concentration was de-stabilised but re-
stabilised as sample collection continued. Figure 3.1.79 shows the iron concentration 
measurements with respect to purge and sampling time. There was some variation in 
the iron concentration over the purge and sampling period however as this does not 
appear to follow a trend, therefore it was assumed that the variation was within the 
sample and not due to the mobilisation of iron particulates from the borehole piping. 
Only one iron sample was taken during the sampling period due to difficulties with 
the sampling equipment. 
In general all the physical condition parameters showed stability during the various 
sampling visits. However the variation observed was either due to the groundwater 
sample or due to difficulties and limitations with the sampling equipment. An 
obvious further improvement to the sampling equipment would have been the 
inclusion of in-line iron measurement, therefore allowing continuous monitoring of 
the iron concentration. 
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It is possible to relate the EH and the dissolved oxygen concentration of an aquatic 
systems through the Nemst equation and Henry's Law, given that there is a 
predominant redox couple and the system is equilibrium. 
The Nemst equation allows the determination of the redox potential, EH, of a given 
redox couple with respect to the standard hydrogen electrode. 
E - E ° RT I [Oxidising Species]m H - H - - n "----=--'--~ 
Fz [Reducing Species]" [mY] (eq.3.1.1) 
E - E ° 2.303RT I [Oxidising Species]m H - H - og 
Fz [Reducing Species]" [mY] (eq.3.1.2) 
Where, EHo is the standard redox potential, R is the Gas constant, T is the absolute 
temperature, F is the Faraday constant and, z is the number of electrons in the redox 
reaction. 
Therefore, for water, 
(eq.3.1.3) 
Which has a determined standard redox potential of 1.229 V. So considering the 
Nemst equation with respect to water, 
E = 1.229 _ RT In [H,O]' 
H F x 4 [H+]'[O,] [mY] (eq.3.1.4) 
Using pH = -log [H'] and considering activity, 
RT 1 EH = 1.229 - -- In ---=---
F x 4 (4pH -log pO,) [mY] (eq.3.1.5) 
Therefore we can determine the EH of the system given the partial pressure of 02 for 
that system, and vice versa. 
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Henry's Law relates the partial pressure of a solute, e.g. a gas, in a dilute or 'ideal' 
solution to its mole fraction, via the Henry's constant, KH. Therefore, for a given 
solute, B: 
(eq.3.1.6) 
Where PE is the partial pressure of the solute, XB is the mole fraction of the solute, and 
KH is the Henry Law constant at a given temperature. Therefore, KH has the 
dimensions of pressure. As well as providing a link between the mole fraction of a 
solute and its partial pressure, Henry's Law constant may also be used to calculate gas 
solubilities, (Le. solubility in mol dro·l ). 
Thus given the concentration of dissolved oxygen in water, and the Henrys' Law 
constant at the appropriate temperature, the partial pressure of oxygen in the system 
can be determined. 
Hence from the Nernst equation and Henry's Law it is possible to relate the EH and 
the dissolved oxygen concentration of a water system. However this does assume the 
water is in chemical equilibrium. 
The work below examines a set of results gathered for the far field groundwater 
sample collected from borehole DDS130 in November 2001. 
Measurements for sample DDS130 November 2001: 
Temperature 
pH 
DOC 
Henry's Law Constant@ 25°C 
= 12°C 
=285K 
= 136mV 
=0.136 V 
=7.2 
=2.5 mgdro·l 
= 7.81 x 1O.s mol dro·l 
= 1.77 X 10.1 mol dro·l atrn·1 
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Therefore using Henry's Law, the partial pressure of 02 of the system is: 
o _ 7.81 xlO,s mol dm·3 
p 2 - 1.77 x 1O-3moldm-3atm-1 
[atm] (eq.3.1.7) 
p02 = 0.044 atm 
Therefore using the Nemst equation, the EH of the system is: 
EH= 1.229- /9.65 x 10' [
2.303 x 8.314 x 285/ 1 ( 1 ) 
4 «4 x 7.2)-log 0.044) 
(eq.3.1.8) 
EH = 1.229 - 0.0141 (28.8 - (- 1.36» 
EH=0.804 V 
Compared to 136 m V measured. 
Similar results were determined when the same calculations were applied to several 
other far field groundwater sample result sets. The calculated and the measured EH 
values do not agree. This may be explained if the system is not in equilibrium, which 
may be possible given the groundwater sample is being examined as it is transferred 
from the ground to the sample container. Given the concentration of iron (0.85 mg 
dm-3 for sample DDS130 November 2001), and the presence of dissolved organic 
matter 35, the oxygen redox couple may not be dominant in the system. However the 
relationship between EH and dissolved oxygen concentration is valid even when 
oxygen is not the dominant redox couple, providing the system is in equilibrium. For 
example if iron is the dominant couple, the water will be oxidised or oxygen reduced 
until the relative concentrations are such that the cell voltage for the oxygen / water 
couple matches that of the iron. This may not necessarily be the case if the system is 
not in equilibrium. For the collection of groundwater, the system may have been 
disturbed from a state of equilibrium or may never have been in one because the 
fluxes of reductants / oxidants are changing too quickly in the aquifer environment. 
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Before the system can be examined further, information is required to establish 
whether the system is in equilibrium and hence enable a comprehensive understanding 
of the chemistry of the system dictated by the dissolved oxygen concentration and the 
redox potential. 
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Figure 3.1.4 Sample C2/2 November 1999 in situ results 
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Figure 3.1.5 Sample C8/2 November 1999 in situ results 
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Figure 3.1.6 Sample C6/3 November 1999 in situ results 
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Figure 3.1.7 Sample C6/3 November 1999 in situ results 
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Figure 3.1.8 Sample C6/3 November 1999 in situ results 
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Figure 3.1.10 Sample C6/3 November 1999 in situ results 
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Figure 3.1.9 Sample C6/3 November 1999 in situ results 
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Figure 3.1.13 Sample C8/2 March 2000 in situ results 
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Figure 3.1.12 Sample C8/2 March 2000 in situ results 
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Figure 3.1.14 Sample C8/2 March 2000 in situ results 
Temperature against purge/sampling time 
Sample C8/2 March 2000 - in situ results 
Temperature against time 
25 
• Purge 
5"20 • Sampling a 
0 
• Sampling b 
-I!! 15 x Sampling c 
= 
-~ 10 • • • • • • ••••••• .. '" '" '" 
c. 
E 
~ 5 
0 
0 20 40 60 80 100 120 140 
Time (minutes) 
Figure 3.1.15 Sample C8/2 March 2000 in situ results 
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Figure 3.1.16 Sample C6/3 March 2000 in situ results 
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Figure 3.1.17 Sample C6/3 March 2000 in situ results 
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Figure 3.1.18 Sample C6/3 March 2000 in situ results 
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Figure 3.1.20 Sample C6/3 March 2000 in situ results 
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Figure 3.1.19 Sample C6/3 March 2000 in situ results 
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Figure 3.1.21 Sample C6/3 August 2000 in situ results 
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Figure 3.1.23 Sample C6/3 August 2000 in situ results 
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Figure 3.1.22 Sample C6/3 August 2000 in situ results 
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Figure 3.1.24 Sample C6/3 August 2000 in situ results 
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Figure 3.1.25 Sample C6/3 August 2000 in situ results 
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Figure 3.1.26 Sample C8/2 August 2000 in situ results 
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Figure 3.1.27 Sample C8/2 August 2000 in situ results 
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Figure 3.1.28 Sample C8/2 August 2000 in situ results 
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Figure 3.1.29 Sample C8/2 August 2000 in situ results 
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Figure 3.1.32 Sample C6/3 May 2001 - in situ results 
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Figure 3.1.34 Sample C6/3 May 2001 - in situ results 
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Figure 3.1.35 Sample C6/3 May 2001 - in situ results 
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Figure 3.1.36 Sample C6/3 May 2001 - in situ results 
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Figure 3.1.37 Sample C6/3 May 2001 - in situ results 
Iron Concentration against purge/sampling time 
Sample C6/3p May 2001 - in situ results 
Iron Cone. against purge/sampling time 
12r-------------------------------, 
c 10 o 
.;::; 
I! - 8 
-"I 
c E B 'C 6 
c Cl 
c3 .5. 4 
c 
~ 2 
• •• • • 
• 
• 
• Purge 
• Sampling a 
• Sampling b 
% Sampling c 
O+-------,--------r------~~~~~ 
o 50 100 150 200 
Time (minutes) 
J: 
a. 
Figure 3.1.38 Sample C8/2 November 2001 - in situ results 
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Figure 3.1.39 Sample C8/2 November 2001 - in situ results 
EH against purge/sampling time 
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Figure 3.1.40 Sample C8/2 November 2001 - in situ results 
Conductivity against purge/sampling time 
Sample C8/2 November 2001 - in situ results 
Conductiv ity and flow rate against purge time 
1000 2 
• Conductll/lty 
-
800 :l(Flowrate 
15 '1 
'. 
E 
• 
.., 
600 • .. u 
.. Cl> 
••• ...... " .................. " . 1 ~ :I( • 400 Cl> 
-
:I( :OC"ln:o::r:.: :I( I! 05 lI: :1(= 200 :axt: 0 
:as.: ii: 
0 :I(:t:I( 0 
0 20 40 60 80 100 
Time (minutes) 
Figure 3.1.41 Sample C8/2 November 2001 - in situ results 
Temperature against purge/sampling time 
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Figure 3.1.42 Sample C8/2 November 2001 - in situ results 
Dissolved Oxygen Cone. against purge/sampling time 
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Figure 3.1.43 Sample C8/2 November 2001 - in situ results 
Iron Concentration against purge/sampling time 
Sample C8/2 November 2001 - in situ results 
Iron Cone. and flow rate against purge time 
10 2 
• Iron Cone 
••• • • :.: Row rate -c 8 • "I 0 • 15 E 
:::0 
'tI I!- fl -"I 6 C E .. 8't1 1 ., 
-C Cl :.:. 
o E 4 S u_ 
XlXICICI"':t: :.: I! C :.: ~ 
,g :.:= 05 2 0 ;tttI( ;:;: 
:11\0: 
0 :t::ICK 0 
0 20 40 60 80 100 
Time (minutes) 
Figure3.1.44 Sample C2/2 November 2001 (13.11.01) 
- in situ results - pH against purge/sampling time 
Sample C2I213th Nov. 2001 - in situ results 
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Figure 3.1.46 Sample C2/2 November 2001 (13.11.01) 
- in situ results - Conductivity against purge/sampling time 
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Figure 3.1.45 Sample C2/2 November 2001 (13.11.01) 
- in situ results - EH against purge/sampling time 
Sample C2I213th Nov. 2001 - in situ results 
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Figure 3.1.47 Sample C212 November 2001 (13.11.01) 
- in situ results - Temperature against purge/sampling time 
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Figure 3.1.48 Sample C2/2 November 2001 (13.11.01) 
- in situ results - Dissolved Oxygen Cone. against purge/sampling time 
Sample C2I213th Nov. 2001 - in situ results 
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Figure 3.1.50 Sample C2/2 November 2001 (14.11.01) 
- in situ results - pH against purge/sampling time 
Sample C2I214th Nov. 2001 - in situ results 
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Figure 3.1.49 Sample C2/2 November 2001 (13.11.01) 
- in situ results - Iron Concentration against purge/sampling time 
Sample C2I2 13th Nov. 2001 - in situ results 
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Figure 3.1.51 Sample C2/2 November 2001 (14.11.01) 
- in situ results - EH against purge/sampling time 
Sample C2I214th Nov. 2001 - in situ results 
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Figure 3.1.52 Sample C2/2 November 2001 (14.11.01) 
- in situ results - Conductivity against purge/sampling time 
Sample C2I2 14th Nov. 2001 - in situ results 
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Figure3.1.54 SampleC2/2November2001 (14.11.01) 
- in situ results - Dissolved Oxygen Conc. against purge/sampling time 
Sample C2I2 14th Nov. 2001 - in situ results 
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Figure 3.1.53 Sample C2/2 November 2001 (14.11.01) 
- in situ results - Temperature against purge/sampling time 
Sample C2I214th Nov. 2001 - in situ results 
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Figure 3.1.55 Sample C2/2 November 2001 (14.11.01) 
- in situ results - Iron Concentration against purge/sampling time 
Sample C2I214th Nov. 2001 - in situ results 
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Figure3.1.56 SampleDDS130November2001 (15.11.01) 
- in situ results - pH against purge/sampling time 
Sample 00S130 15th Nov. 2001 - in situ results 
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Figure 3.1.58 Sample DDS130 November 2001 (15.11.01) 
- in situ results - Conductivity against purge/sampling time 
Sample 00S130 15th Nov. 2001 - in situ results 
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Figure 3.1.57 Sample DDS130 November 2001 (15.11.01) 
- in situ results - EH against purge/sampling time 
Sample 00S130 15th Nov. 2001 - in situ results 
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Figure 3.1.59 Sample DDS 130 November 200 I (15.11.01) 
- in situ results - Temperature against purge/sampling time 
Sample 00S130 15th Nov. 2001 - in situ results 
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Figure 3.1.60 Sample DDS130 November 2001 (15.11.01) 
- in situ results - Dissolved Oxygen Cone. against purge/sampling time 
Sample 005130 15th Nov. 2001 - in situ results 
O.O.C. against purge/sampling time 
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Figure 3.1.62 Sample DDS130 November 2001 (16.11.01) 
- in situ results - pH against purge/sampling time 
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Figure 3.1.61 Sample DDS130 November 2001 (15.11.01) 
- in situ results - Iron Concentration against purge/sampling time 
Sample 00S130 15th Nov. 2001 -in situ results 
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Figure 3.1.63 Sample DDS130 November 2001 (16.11.01) 
- in situ results - EH against purge/sampling time 
Sample 00S130 16th Nov. 2001 -in situ results 
EH against purge/sampling time 
350 
300 
250 
-~ 200 
- 150 
ul 
100 
50 
0 
0 
• 
• 
50 100 
Time (minutes) 
• Purge 
o Sampling g 
I> Sampling h 
:I( Sampling I 
150 
-w 
00 
Figure 3.1.64 Sample DDS 130 November 2001 (16.11.01) 
- in situ results - Conductivity against purge/sampling time 
Sample 00S130 16th Nov. 2001 - in situ results 
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Figure 3.1.66 Sample DDS130 November 2001 (16.11.01) 
- in situ results - Dissolved Oxygen Cone. against purge/sampling time 
Sample 00S130 16th Nov. 2001 - in situ results 
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Figure3.1.65 Sample DDS130 November 2001 (16.11.01) 
- in situ results - Temperature against purge/sampling time 
Sample 00S130 16th Nov. 2001 - in situ results 
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Figure 3.1.67 Sample DDS130 November 2001 (16.11.01) 
- in situ results - Iron Concentration against purge/sampling time 
Sample 00S130 16th Nov. 2001 - in situ results 
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Figure 3.1.68 Sample C1I2 January 2002 - in situ results 
pH against purge/sampling time 
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Figure 3.1.70 Sample C1I2 January 2002 - in situ results 
Conductivity against purge/sampling time 
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Figure 3.1.69 Sample C1I2 January 2002 - in situ results 
EH against purge/sampling time 
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Figure 3.1.71 Sample C1I2 January 2002 - in situ results 
Temperature against purge/sampling time 
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Figure 3.1.72 Sample C1I2 January 2002- in situ results 
Dissolved Oxygen Cone. against purge/sampling time 
Sample C1/2 January 2002 - in situ results 
O.O.C. against purge/sampling time 
5 
;~4 • Purge o Sampling a 
Cl' I> Sampling b :I: Sampling c ~.§3 o Sampling d o Cl 
."II" .. tell .... t~ ~. 0 0 
'tI E 
• ~ ••••••• Odbqj~ ~-:-2 
- u o c ~8 1 
0 
0 50 100 150 200 250 300 350 
Time (minutes) 
Figure 3.1.74 Sample DDS130 January 2002 - in situ results 
pH against purge/sampling time 
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Figure 3.1.73 Sample C1I2 January 2002 - in situ results 
Iron Concentration against purge/sampling time 
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Figure 3.1.75 Sample DDS130 January 2002 - in situ results 
EH against purge/sampling time 
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Figure 3.1.76 Sample DDS130 January 2002 - in situ results 
Conductivity against purge/sampling time 
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Figure 3.1.78 Sample DDS130 January 2002- in situ results 
Dissolved Oxygen Cone. against purge/sampling time 
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Figure 3.1.77 Sample DDS130 January 2002 - in situ results 
Temperature against purge/sampling time 
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Figure 3.1.79 Sample DDS130 January 2002 - in situ results 
Iron Concentration against purge/sampling time 
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Drigg Results & Discussion 
3.2 Laboratory Results: Physical Condition of Samples 
The in situ physical condition measurements were repeated upon returning to the 
Loughborough laboratories. At fIrst, this was to ensure that the condition of the 
sample had not changed since sampling before ultra-fIltration of the sample. A 
change to the sample preparation in August 2000 resulted in the ultra-fIltration of the 
groundwater samples occurring at the Drigg laboratories. Consequently the physical 
condition measurements of samples returned to the Loughborough laboratories after 
August 2000, were to examine and determine the stability of the samples after 
collection. The pH, EH, conductivity, temperature, iron concentration and dissolved 
oxygen concentration were measured and compared to the Drigg in situ 
measurements. A change in temperature reading was expected between the Drigg and 
Loughborough results as the samples were stored in the laboratory and not 
refrigerated. SpecifIcally changes in the pH, EH and dissolved oxygen concentration 
,---
denoted a change in the chemical equilibrium of the groundwater sample. The EH is 
particularly important given the presence of iron in the samples and the relationship 
between dissolved iron (11) and precipitated iron (11) species. Initially differences 
were observed after the fIrst sampling visit in November 1999. However it was not 
clear whether this was due to faulty sample canister or the instability of the sample. 
This was also observed with the March 2000 samples. Therefore to ensure colloid 
analyses could take place ultra-fIltration was carried out at the Drigg laboratories 
within 24 hours of sampling. Tables 3.2.1 to 3.2.11 detail the Drigg in situ 
measurements for all the far fIeld groundwater samples collected compared to those 
results obtained at the Loughborough laboratories. 
Table 3.2.1 shows the in situ Drigg and the Loughborough laboratory physical 
condition measurements of sample C2/2 November 1999. Compared to the 
measurements collected in situ at Drigg, there was an increase in the pH and EH 
measurements made at Loughborough. This suggested that the sample had changed 
since it was measured and collected at Drigg. A difference in the sample was also 
indicated by a change from a colourless solution at Drigg, to a yellow transparent 
solution at Loughborough. The colour change suggests the precipitation of iron (11) 
species from the solution phase of the sample. Due to the variation in physical 
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condition and the change in colour, the sample was considered unsuitable for ultra-
filtration and for colloid analysis. 
Table 3.2.2 shows the in situ Drigg and the Loughborough laboratory physical 
condition measurements of sample C6/3 taken in November 1999. There was an 
increase in the pH and EH values for the Loughborough measurements compared to 
the Drigg in situ measurements. A difference in the sample was also indicated by a 
change from a colourless solution at Drigg to an orange transparent solution at 
Loughborough. Again the colour change suggests the precipitation of iron (11) species 
from the solution phase of the sample. Due to the variation in physical condition and 
the change in colour, the sample was considered unsuitable for ultra-filtration and for 
colloid analysis. 
Table 3.2.3 shows the in situ Drigg and the Loughborough laboratory physical 
condition measurements of sample C8/2 collected in March 2000. Compared to the 
Drigg in situ measurements, the pH, conductivity and iron concentration, values had 
decreased and the EH value had increased since sample collection. The sample was 
colourless when observed in situ at Drigg and upon returning to the Loughborough 
laboratories. Although there were some changes in the physical condition of the 
sample, as the sample was still colourless, it was decided that the colloidal properties 
of the sample should be examined. 
Table 3.2.4 shows the in situ Drigg and the Loughborough laboratory physical 
condition measurements of sample C6/3 collected in March 2000. There was an 
increase in the EH and conductivity values and a decrease in the pH value. A 
difference in the sample was also indicated by the change from a colourless solution 
at Drigg to an orange solution containing an orange precipitate at Loughborough. 
Due to the variation in physical condition the sample was considered unsuitable for 
ultra-filtration and for colloid analysis. Three samples were collected from the 
borehole. Although the differences in the sample could be as a result sample canister 
failure therefore allowing the penetration of air into the sample, it was considered 
unlikely that all three canisters would have failed at the same time. This suggested 
that the samples maybe unstable during transportation and storage. Therefore to 
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pennit colloid analyses the following samples were filtered immediately after 
collection at the Drigg laboratories. 
For the following samples the groundwater samples were filtered at the Drigg 
laboratories for colloid population analyses and the filtrates collected for activity and 
iron analyses. Thus the following results were for the continued examination of 
sample stability. 
Table 3.2.5 shows the in situ Drigg and the Loughborough laboratory physical 
condition measurements for borehole C8/2 collected in August 2000. The EH, 
conductivity and dissolved oxygen concentration measurements, had increased in 
comparison to the Drigg in situ measurements. Thus suggesting variation in the 
sample since collection. 
Table 3.2.6 shows the in situ Drigg and the Loughborough laboratory physical 
condition measurements for borehole C6/3 collected in August 2000. The pH and EH 
values were comparable to those taken at Drigg. The conductivity and dissolved 
oxygen concentration values had increased compared to the Drigg in situ 
measurements. However since there were difficulties in calibrating the dissolved 
oxygen probe / meter at the Drigg site, no conclusion can be drawn as to whether the 
change in the dissolved oxygen concentration is from variation in the sample or the 
incorrect calibration of the probe / meter. The table also shows the difference 
between the sample at the beginning of the Loughborough examination and the end of 
that period. A change in the pH, EH and dissolved oxygen concentration can be see in 
comparison to the original measurement made at the Loughborough laboratories. 
Again this maybe explained by either the introduction of air into the sample or by the 
instability of the sample over the examination period. 
Table 3.2.7 shows the in situ Drigg and the Loughborough laboratory physical 
condition measurements for borehole C6/3 collected in May 2001. For samples 
contained in canisters a and b the pH, EH, conductivity, temperature and dissolved 
oxygen concentration vary greatly from the Drigg in situ sampling measurements. 
Therefore suggesting a change in the samples since sample collection. For canister 
'c', the pH and EH values measured at Loughborough were comparable to the Drigg in 
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situ measurements. Whereas the conductivity and the dissolved oxygen concentration 
readings differ from the Drigg in situ measurements. Thus, there was some change in 
the physical condition of canister 'c' since sample collection, but not to the same 
extent as for samples 'a' and 'b'. This therefore questioned the integrity of the sample 
canisters used to collect samples 'a' and 'b'. This groundwater sample was collected 
for the purpose of concentration to examine low levels of gamma activity. As a result 
of the concentration process the samples were exposed to the air, hence a change in 
the physical condition of the samples was expected. Therefore all three sample 
canisters were combined for the concentration process and gamma spectrometry. 
Table 3.2.8 shows the in situ Drigg and the Loughborough laboratory physical 
condition measurements for sample C2/2 November 2001 collected on the 13th and 
14th November 2001. The results show variation in the EH, conductivity, and 
dissolved oxygen concentration measurements when comparing the Drigg in situ and 
Loughborough measurements. The differences are observed for all sample canisters 
collected suggesting the instability of the sample, rather than the unlikely failure of all 
sample canisters. 
Table 3.2.9 shows the in situ Drigg and the Loughborough laboratory physical 
condition measurements for sample DDS130 November 2001 collected on the 15th 
and 16th November 2001. The results show variation in the EH, conductivity, and 
dissolved oxygen concentration measurements when comparing the in situ Drigg and 
Loughborough measurements. The differences were observed for all three sample 
canisters collected, suggesting the instability of the sample, rather than the unlikely 
failure of all three sample canisters. A change in the pH, EH, conductivity and 
dissolved oxygen concentration was observed when comparing the fIrst measurements 
made at the Loughborough laboratories and those made two days later. Again this 
maybe explained by the introduction of air into the sample or by the instability of the 
sample over the examination period. 
Table 3.2.10 shows a sununary of the Drigg in situ physical condition measurements 
for sample C1I2 January 2002. All the groundwater sample collected into canisters 
was fIltered at the Drigg laboratories, therefore physical no condition measurements 
were made at the Loughborough laboratories. 
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Table 3.2.11 shows the in situ Drigg and the Loughborough laboratory physical 
condition measurements for sample DDS130 January 2002. The sample collected 
into canister 'a' was examined after an extended period. Upon examination, the 
canister was still pressurised with nitrogen since the sample had been collected, 
therefore no gas had escaped or entered the canister. The pH of the sample was 
comparable to the in situ measurement. The EH measurement differed from the Drigg 
in situ measurement. A difference in the sample was also indicated by a change from 
a colourless solution during sampling at Drigg, to a pale orange transparent solution at 
Loughborough. Thus, a change in the sample had occurred although the sample 
canister had remained securely sealed since sampling, suggesting the instability of the 
sample rather than the failure of the sample canister. 
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Table 3.2.1 Physical condition of borehole sample C2/2 November 1999: in situ Drigg results compared to laboratory Loughborough results. 
Time Since EH (SHE) Conductivity Temperature lronConc. 
Sample Description 
Collection 
pH (mV) (~S) COC) (mgdm·3) 
Drigg - start purging 
-
6.4 68 365 11 3.86 
C2/2 
Drigg - start sampling 
-
6.4 53 366 12 0.67 
November 1999 
Drigg - end sampling - - - - - -
Lough. Lab. - start analysis '" 40 days 6.9 485 not measured 19 0.14 
Table 3.2.2 Physical condition of bore hole sample C6/3 November 1999: in situ Drigg results compared to laboratory Loughborough results. 
Time Since EH (SHE) Conductivity Temperature lronConc. 
Sample Description 
Collection 
pH 
(mV) (~S) COC) (mg dm·3) 
Drigg - start purging - 4.6 179 590 11 4.10 
C6/3 
Drigg - start sampling - 6.6 164 750 12 1.23 
December 1999 
Drigg - end sampling - 6.6 162 730 12 2.57 
Lough. Lab. - start analysis '" 40 days 6.7 518 not measured 19 2.03 
Table 3.2.3 Physical condition of bore hole sample CS/2 March 2000: in situ Drigg results compared to laboratory Loughborough results. 
Time Since EH (SHE) Conductivity Temperature IronConc. 
Sample Description 
Collection 
pH 
(mY) (DC) (mg dm'3) (JlS) 
Drigg - start purging - 5.2 10S 760 11 0.13 
Drigg - start sampling - 7.3 99 59S 11 1.44 
CS/2 
March 2000 
Drigg - end sampling - 7.3 120 562 12 4.10 
Lough. Lab. - start analysis ",,30 days 7.1 362 465 20 0.06 
Lough. Lab. - finish analysis "" 51 days S.l 445 577 22 0.03 
Table 3.2.4 Physical condition of bore hole sample C6/3 March 2000: in situ Drigg results compared to laboratory Loughborough results. 
Time Since EH (SHE) Conductivity Temperature Iron Cone. 
Sample Description 
Collection 
pH 
(mY) (JlS) (DC) (mg dm'3) 
Drigg - start purging 
-
6.6 132 not measured 13 3.19 
C6/3 Drigg - start sampling - 6.7 140 ""SOO 13 3.53 
March 2000 Drigg - end sampling - 6.7 149 757 13 4.10 
-
Lough. Lab. - start analysis ",,27 days 3.9 603 1005 19 2.45 
.j>. 
00 Lough. Lab. - finish analysis N/A N/A N/A N/A N/A N/A 
Table 3.2.5 Physical condition of bore hole sample C8/2 August 2000: in situ Drigg results compared to laboratory Loughborough results. 
Time Since EH (SHE) Conductivity Temperature Iron Cone. Dissolved Oxygen 
Sample Description 
Collection 
pH 
(mY) (IlS) (mg dm·3) (mgdm-3) ("C) 
Drigg - start purging 
- 7.3 226 398 12 0.77 1.4 
Drigg - start sampling 
-
7.3 142 354 13 1.52 1.4 
C8/2 
Drigg - end sampling 
-
7.1 137 354 14 1.60 0.9 
August 2000 
Lough. Lab. - start analysis '" 13 days 7.2 430 512 21 - 4.6 
Lough. Lab. - finish analysis '" 21 days 8.0 422 566 22 - 3.3 
Table 3.2.6 Physical condition of bore hole sample C6/3 August 2000: in situ Drigg results compared to laboratory Loughborough results. 
Sample Description Time Since EH (SHE) Conductivity Temperature Iron Cone. Dissolved Oxygen 
Collection 
pH (mV) (IlS) (0C) (mg dm-3) (mgdm-3) 
Drigg - start purging - 6.9 223 583 17 4.20 5.0 
Drigg - start sampling - 6.8 131 551 17 - -17.0 
Drigg - end sampling 
-
6.7 140 538 18 
-
-11.0 
C6/3 August 
Lough. Lab. - start analysis '" 7 days 6.7 125 733 23 - 1.8 
Lough. Lab. - finish analysis '" 13 days 7.5 373 744 21 - 2.3 
Lough. Lab.- aerobic sample '" 15 days 7.0 401 710 20 - 9.5 
Table 3.2.7 Physical condition of bore hole sample C6/3 May 2001: in situ Drigg results compared to laboratory Loughborough results. 
Time Since EH (SHE) Conductivity Temperature Iron Cone. Dissolved Oxygen 
Sample Description 
Collection 
pH 
(mV) (~S) eC) (mgdm-3) (mgdm-3) 
Drigg - start purging 
-
6.5 202 530 10 4.30 0.3 
Drigg - start sampling - 6.7 147 439 18 8.60 0.3 
Drigg - start canister a - 6.7 147 439 18 - 0.1 
Drigg - start canister b 
- 6.6 144 408 22 - 0.3 C6/3 
Drigg - start canister c - 6.7 150 385 22 - 0.4 May 2001 
Drigg - end sampling 
- 6.7 143 366 21 7.60 0.2 
Lough. Lab. - canister a 93 days 7.8 437 717 23 - 7.6 
Lough. Lab. - canister b 3 days 7.8 421 701 23 - 6.5 
Lough. Lab. - canister c 93 days 7.0 130 656 24 - 1.5 
Table 3.2.8 Physical condition of bore hole sample C2/2 November 2001: in situ Drigg results compared to laboratory Loughborough results. 
Time Since EH (SHE) Conductivity Temperature Iron Conc. Dissolved Oxygen 
Sample Description 
Collection 
pH 
(mY) (IlS) (0C) (mgdm·3) Conc. (mg dm·3) 
Drigg - start purging - 6.6 220 275 10 0.02 7.3 
Drigg - start sampling 
- 6.6 186 303 10 0.00 3.3 
Drigg - start canister a - 6.6 191 287 10 0.02 3.2 
Drigg - start canister c - 6.8 202 286 9 0.02 3.2 
C2/2 November 
Drigg - start canister e 
- 6.8 230 295 9 0.02 2.7 
2001 (13.11.01) 
Drigg - end sampling 
-
6.7 233 296 9 0.02 3.8 
Lough. Lab. - canister a 8 days 6.9 407 300 22 - 2.9 
Lough. Lab. - canister c 8 days 7.0 380 203 22 - 3.1 
Lough. Lab. - canister e 8 days 7.0 440 308 22 - 3.5 
Drigg - start purging - 5.3 334 285 11 0.00 5.6 
C2/2 November 
Drigg - start sampling - 6.6 225 290 11 0.04 4.4 
2001 (14.11.01) 
Drigg - end sampling 
- 6.6 225 382 11 - 1.7 
-Ul 
-
Table 3.2.9 Physical condition of borehole sample DDS130 November 2001: in situ Drigg results compared to laboratory Loughborough 
results. 
Time Since EH (SHE) Conductivity Temperature Iron Cone. Dissolved Oxygen 
Sample Name Measurement Location pH (mgdm·3) Conc. (mg dm·3) Collection (mV) (IlS) COC) 
Drigg - start purging 
-
9.2 307 445 11 0.81 0.9 
Drigg - start sampling - 7.2 136 270 12 0.85 2.5 
Drigg - start canister a 
-
7.3 137 265 12 0.46 2.8 
DDS130 Drigg - start canister b - 7.5 106 264 13 0.55 3.1 
November 2001 Drigg - end sampling 
-
7.2 110 220 12 0.96 1.0 
(15.11.01) Lough. Lab. - canister a 4 days 7.7 263 530 21 - 2.4 
Lough. Lab. - canister a 6 days 7.8 392 334 22 
-
5.5 
Lough. Lab. - canister b 4 days 7.9 272 324 21 
-
5.5 
Lough. Lab. - canister b 6 days 7.7 396 325 23 - 3.9 
Drigg - start purging 
-
4.5 313 62 10 1.15 4.5 
Drigg - start sampling 
-
7.0 131 300 12 1.24 1.8 
DDS130 
Drigg - start canister e - 7.1 123 292 13 - 1.7 
November 2001 
Drigg - end sampling - 7.2 120 273 12 - 1.6 (16.11.01) 
Lough. Lab. - canister e 3 days 7.4 272 480 21 
-
2.5 
Lough. Lab. - canister e 5 days 7.5 397 332 23 
-
3.4 
Table 3.2.10 Physical condition of bore hole sample CII2 January 2002: in situ Drigg results compared to laboratory Loughborough results. 
Time Since EH (SHE) Conductivity Temperature Iron Cone. Dissolved Oxygen 
Sample Name Measurement Location pH (mgdm-3) Cone. (mg dm-3) Collection (mV) (IlS) ("C) 
Drigg - start purging 
-
4.3 376 381 11 17_8 2.5 
Drigg - start sampling 
-
6.2 235 368 12 - 2.5 
CII2 
Drigg - start canister a - 6.2 234 367 12 - 2.5 January 2002 
Drigg - start canister b 
-
6.2 231 362 11 - 2.4 
Drigg - end sampling - 6.2 230 366 12 - 2.6 
Table 3.2.11 Physical condition of bore hole sample DDS130 January 2002: in situ Drigg results compared to laboratory Loughborough results. 
Time Since EH (SHE) Conductivity Temperature Iron Cone. Dissolved Oxygen 
Sample Name Measurement Location pH (mg dm-3) Cone. (mg dm-3) Collection (mV) (IlS) (0C) 
Drigg - start purging - 8.7 238 989 8 0.76 10.7 
Drigg - start sampling - 7.2 170 277 9 - 1.9 
DDS130 
Drigg - start canister a 
-
7.3 173 273 9 0.95 2.1 
January 2002 
Drigg - end sampling 
-
7.5 182 263 6 - 3.2 
Lough. Lab. - canister a 329 days 72 611 - 18 - -
Drigg Results & Discussion 
3.3 Monitoring of Physical Condition Measurements since Sample CoUection 
An investigation was undertaken at the Drigg laboratories during the January 2002 
visit to monitor the physical condition of a far field groundwater sample immediately 
after sampling. A sample collected from borehole DDS130 was examined. Once 
sampling had finished in the field, the taps on the sampling rig to the flow-cell were 
'closed and the probe measurements were taken during the following 16 hour period. 
Table 3.3.1 details the pH, EH, conductivity, temperature, and the dissolved oxygen 
concentration measurements taken. The first entries into the table are for the last 
reading taken during sampling. Examination of the measurements suggests some 
variation in the sample over the examination period. The conductivity measurements 
increase over examination period. This change may partially be due to the increase in 
temperature as the flow-cell was moved from the sampling site to the Drigg 
laboratory. The pH measurements appear stable over the examination period apart 
from spurious reading after 50 minutes. The spurious reading maybe due to an error 
with the pH probe as some long reading stabilisation periods were experienced during 
the examination period. The dissolved oxygen concentration appears to decrease over 
the examination period. This change maybe partially due to the increase in sample 
temperature. The EH values increase over the examination period. 
These results suggest a change in the sample after sample collection, therefore 
confirming the need for prompt sample preparation after sample collection. To 
further examine the stability of the far field samples after sampling further samples 
must be examined in greater detail. 
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Table 3.3.1 The pH, EH, conductivity, temperature, and the dissolved oxygen 
concentration measurements for sample DDS130 for a period after 
sampling. 
Time Since Sampling EH (SHE) Conductivity Temperature DOC 
(hours:mins. ) 
pH 
(mY) (I1S) (0C) (mgdm·3) 
0:00 7.5 182.1 263 6.1 3.2 
0:50 5.4 202.0 262 7.4 1.9 
1:06 6.6 204.6 269 8.6 1.7 
1:20 7.1 207.1 278 9.8 1.7 
1:37 6.7 209.4 283 11.0 1.7 
1:53 7.0 210.6 292 12.1 1.6 
4:00 7.0 214.8 372 16.9 1.6 
4:15 6.9 241.7 330 17.3 1.6 
16:20 7.5 240.5 335 19.5 1.2 
16:38 7.5 241.5 335 19.5 1.2 
3.4 Groundwater Sampling Conclusions 
Considering the experimental evidence there are two explanations to the problems 
encountered with the storage of the far field groundwater samples. Either the sample 
canisters failed, thus letting air into the canister and therefore affecting the sample 
stability or there is inherent redox instability in some of the groundwater samples. 
AIl the samples collected showed changes in their physical condition between the 
Drigg in situ measurements and those undertaken at Loughborough. Sample canisters 
examined at Loughborough remained pressurised during collection, storage and 
experimental use. It may be suggested that where several canisters were used to 
collect the same groundwater, it is unlikely that all sample canisters failed. Therefore, 
it may be concluded that the far field groundwater samples are inherently unstable 
with respect to redox chemistry. 
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Further consideration has been given to the possible reasons for the apparent 
instability of the far field groundwater samples. Figure 3.4.1 and 3.4.2 are schematics 
illustrating the differences between the groundwater samples before (dynamic system) 
and after (static system) sampling. The predominant difference between the two 
systems, are the in-flux and out-flux of aquatic chemical species by the groundwater 
flow through the dynamic system. This may introduce I remove various gaseous, 
inorganic, organic or ionic species that may affect the chemical equilibrium of the 
system. Therefore the dynamic system may have a continuously changing chemical 
inventory. This is not the case for the static system and over a period of time a 
chemical equilibrium will be reached with respect to the chemical species in the 
system. The consumption of dissolved oxygen by biodegradation of organic matter 
will occur in both systems. It is likely in the dynamic system that this will be an on-
going process as more oxygen and organic matter are transported into the system by 
the groundwater. However in the static system this process will reach and end point 
when either the dissolved oxygen or the organic matter is no longer available for the 
biodegradation process. This process may be enhanced in both systems by the 
presence of bacteria that may catalyse the biodegradation process. Within the 
dynamic system there will be the exchange of gases, e.g. 02, C02 and C~, with the 
surrounding geosphere. Again this may have affected the processes occurring within 
the system. For the static system the gases contained within the system will reach 
equilibrium between the head-space of the canister and the aqueous phase. Again 
affecting the equilibrium of the chemical species in the system. Processes of 
precipitation and sedimentation will occur in both systems. Precipitation may occur 
to a greater extent in the static system due to an increase in sample temperature during 
the storage of the canisters; a higher temperature will cause greater particulate 
movement and collisions thereby increasing the likeliness of precipitation. A change 
in the pressure of the sample may occur when removing the sample from the 
geosphere to the canister. This again may affect the distribution of gases in the static 
system. Finally the pH and ionic strength may be affected in the static system as the 
system reaches equilibrium. As a result the chemical equilibrium may be affected 
further. Of greatest importance within the Drigg far field groundwater samples is the 
equilibrium between dissolved iron (II) and precipitated iron (Ill). If a reducing 
environment is maintained iron (11) will be predominant. If the system changes to an 
oxidising environment iron (Ill) will be predominant and thus cause the precipitation 
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of iron (III) species. The redox potential of a system gives an indication of the 
oxidising / reducing nature of the system. The in situ (dynamic system) 
measurements of EH for the Drigg groundwater suggest a reducing environment. The 
measurements on the groundwater samples at the Loughborough laboratories (static 
system) suggest the samples have changed to an oxidising environment. Considering 
the evidence from the Drigg in situ measurements and the Loughborough 
measurements for the EH, iron concentration and the colour change, a change in the 
iron (11) / iron (Ill) equilibrium was observed. 
Given the evidence and the discussion above, further work on Drigg far field 
groundwater samples will also require the prompt preparation and analyses of samples 
after sample collection. This is required in particular to preserve the colloid 
population and to enable a 'true' characterisation of the system before changes in the 
chemical equilibrium of the system occur. 
The procedures for sample collection and preparation undertaken in this study 
followed the recommendations for prompt sample preparation and analysis. 
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Figure 3.4.1 Schematic of Groundwater a Dynamic System, i.e. within the geosphere. 
Dynamic System 
Gas Exchange 
e.g. 02, C02, CRt 
Consumption of dissolved oxygen by biodegradation 
- catalysed by presence of bacteria 
Reducing Environment 
GROUNDWATERFLOW 
----+------------+---. 
IntroductionlRemoval of Inorganic/OrganiclIonic Species 
e.g. colloids, organic matter, cations 
EH=QmV 
Temperature = T °c 
Pressure = P atm. 
pH=X 
Ionic strength = Y mol dm·3 
Chemical Equilibrium 
- may change due to in-flux! 
out-flux of chemical species 
e.g. Fe2+ lFe3+ 
Figure 3.4.2 Schematic of Groundwater a Static System, i.e. within a storage canister. 
Static System 
Gas Exchange Head-Space 
e.g. 02, C02, CRt 
Consumption of dissolved oxygen 
by biodegradation - catalysed by 
presence of bacteria 
EH = changed? dQ m V 
Temperature = increased dT °c 
Pressure = changed? dP atm. 
pH = changed? dX 
Ionic strength = changed? dY mol dm-
Chemical Equilibrium 
- reached in static conditions 
e.g. Fe2+lFe3+ 
- ParticuIate collisions increased 
due to temperature increase 
~ Precipitation T T 
- Sedimentation ... ... 
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3.5 SEM Analysis: Colloid Populations 
To determine the colloid population, the colloids collected on the membranes needed 
to be discrete to allow each colloid to be counted. The SEM analysis illustrated the 
difficulties in determining colloid population when using the ultra-filtration. The 
membrane shown in figure 3.5.1 has a complete surface coating of colloids and is 
unsuitable for colloid counting. Complete coverage occurred when a large sample 
volume was filtered forming a 'cake' of aggregated colloids on the membrane surface. 
Figure 3.5.2 highlights a problem with pore clogging, which can occur during ultra-
filtration. The colloid is positioned partially inside the pore and therefore blocks the 
passage of other colloids through the membrane. However considering the surface 
area of the membrane, pore clogging is considered to have a minimal affect on the 
calculation of colloid population. The SEM micrograph also shows small particles 
which should have passed through the membrane pores. After ultra-filtration a 
residual sample volume remains on the membrane, even with prolonged nitrogen 
purging. This sample may contain small particles that should pass through the 
membrane but instead become trapped on the surface after filtration has ceased. 
Therefore for samples filtered in August 2000 and after, the membranes were 
'washed' with pre-filtered nitrogen purged deionised water. These factors explain the 
high error (c.a. 50%) associated with this technique. 
Figures 3.5.3 and 3.5.10 show examples of the SEM images used to calculate the 
colloid population for the far field groundwater samples. Some particles shown in the 
images are not discrete, they are aggregates formed of smaller particles. The 
aggregates could be a result of sample handling and ultra-filtration or they may be 
inherently present in the groundwater samples. The colloid concentration was 
therefore calculated assuming each aggregate as a colloid. 
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Figure 3.5 .1 Example of SEM micrograph of a 1.0 i-!m ultra-filtration membrane-
illustration of complete surface coverage by coiloidal matter. 
Figure 3.5.2 Example of SEM micrograph of a 1.0 i-!m ultra-filtration membrane -
illustration of particles obscuring membrane pores. 
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Figure 3.5.4 SEM micrograph of a 30,000 Dalton ultra-filtration membrane used to 
calculate the colloid population for sample C8/2 March 2000. 
Figure 3.5.5 SEM micrograph of a 30,000 Dalton ultra-filtration membrane used to 
calculate the colloid population for sample C6/3 August 2000. 
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Figure 3.5 .7 SEM micrograph of a 30,000 Dalton ultra-filtration membrane used to 
calculate the colloid population of sample C8/2 August 2000. 
Figure 3.5.8 SEM micrograph of a 30,000 Dalton ultra-filtration membrane used to 
calculate the colloid population of sample C2/2 November 2001. 
EHT = 20.00 kV 
WD= 11 mm 
Sigl'14l A " Inlens 
PhOlO No. = 532 
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Figure 3.5.9 SEM micrograph of a 30,000 Dalton ultra-filtration membrane used to 
calculate the colloid population of sample DDS 130 November 200 I. 
EHT = 20.00 kV 
wo= 11 mm 
Signal A" SE! Date :8 Feb 2002 
Pholo No. = 55!) Tim. :13-36:01 
Figure 3.5.10 SEM micrograph of a 30,000 Dalton ultra-filtration membrane used to 
calculate the colloid population of sample C 112 January 2002. 
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Further investigation was undertaken to clarifY whether the colloidal species present 
in the groundwater were inherently discrete colloids or small aggregates. At first this 
was preformed by 'washing' the membranes whilst in the ultra-filtration rig using pre-
filtered and pre-nitrogen purged deionised water. This process was thought to have 
two effects: 
i) to remove any residual sample from the membrane thereby washing 
through any small colloids that should have passed through the membrane, 
ii) to wash apart any aggregates that had formed by association during the 
filtration process. 
Examination of the membranes after this process still showed the presence of 
colloidal aggregates. Although the presence of small colloids that should have passed 
through the membrane had been reduced. A second investigation was undertaken to 
investigate the possibility of dis-aggregating the colloids using a technique for sample 
preparation for TEM analysis. The colloid samples were re-dispersed in acetone and 
mounted onto a copper mesh for examination by TEM. It was believed that this 
method would disassociate any aggregates thereby allowing discrete colloids to be 
observed. Figure 3.5.11 shows a TEM prepared sample. An aggregate is observed 
suggesting that some colloids could be inherently present as aggregates in the sample 
and the TEM preparation technique does not dis-aggregate the colloids. Figure 3.5.12 
shows the ultra-filtration membrane after the TEM preparation. The image illustrates 
that a large proportion of the colloids remain on the membrane and are not dispersed 
into the solvent. Therefore a true colloid population could not be determined from the 
TEM prepared sample. It was concluded that further work would continue to examine 
the colloids directly on the membranes rather than TEM re-dispersion technique. This 
was partly due to the fact that not all the sample was removed from the membrane and 
the increased manipulation of the membrane could lead to contamination of the 
sample. 
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Figure 3.5.11 A groundwater membrane sample prepared by a TEM technique. 
The image shows the presence of aggregates in the sample. 
Figure 3.5 .12 An ultra-filtration membrane after the TEM preparation. 
3.5.1 Colloid Population Results 
Table 3.5.1.1 details the estimated colloid population of the far field groundwater 
samples. The error has been calculated as one standard deviation. The measured 
colloid populations for the far field groundwater are between 1.88 xlO IO and 3.65 x 
lOll colloids per dm3. These values are in agreement with other studies where values 
of 1010 to 1012 colloid dm·3 have been determined 35, 125. 
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Table 3.5.1.1 Colloid population of the far field groundwater samples. 
Colloid Population 
Sample Reference 
(colloids dm·3) 
C2/2 November 1999 sample unsuitable 
C6/3 November 1999 sample unsuitable 
C6/3 March 2000 sample unsuitable 
C8/2 March 2000 3.7 x 1011 ± 1.5 x lOll 
C6/3 August 2000 4.7 x 10iU ± 10.0 x 109 
C8/2 August 2000 8.6 X 1010 ± 9.3 x 109 
C6/3 May 2001 -
C2/2 November 2001 3.4 x 1011 ± 8.2 x 1010 
DDS130 November 2001 1.9 x 1010 ± 5.4 x 109 
C1I2 January 2001 2.8 x 1011 ± 1.1 x lOll 
DDS 130 January 2001 -
Table 3.5.1.2 shows the colloid population considering borehole position with respect 
to groundwater flow across the site. No trend can be seen in the far field samples 
across the site. In comparison to the near field samples, the colloid populations' are 
generally larger in the near field, ranging from 7.9 x 109 to 5.8 x lOll colloids per dm· 
3 12S. Borehole C8/2pl has been examined twice (March 2000 and August 2000) for 
colloid population over the study period. Two different populations were determined 
(3.7 x 1011 and 8.6 x 1010 colloids dm-3). This may be explained by either (i) seasonal 
variation or (ii) as a result of the high error (c.a 50%) associated with this technique 
for determining colloid population. 
166 
--- --------- -
Drigg Results & Discussion 
Table 3.5.1.2 Colloid population of the far field groundwater samples considering 
borehole position with respect to groundwater flow across the site. 
Colloid Population 
Borehole Location Sample Reference 
(colloids dm·3) 
Above Waste Trenches DDS130 November 2001 1.9 x 1010 ± 5.4 x 109 
Above Waste Trenches C1I2 January 2002 2.8 x lOll ± 1.1 x 1011 
Below Waste Trenches 
3.4 x lOll ± 8.2 x 1010 
_3H plume A 
C2/2 November 2001 
Below Waste Trenches 
4.7 x 1010 ± 10.0 x 109 
-3HplumeB 
C6/3 August 2000 
Below Waste Trenches C8/2 March 2000 3.7 x lOll ± 1.5 x lOll 
-3HplumeB C8/2 August 2000 8.6 x 1010 ± 9.3 x 109 
3.6 Element Content of Colloidal Matter 
SEM-EDS analysis allowed the morphology of particular particles to be examined. 
Two techniques were used. At first the Steroscan instrument was used to produce x-
ray spectrums for each colloid examined. During the study a 'state of the art' LEO 
1530VP-Phenoix EDAX instrument was installed which allowed quantitative 
manipulation of the EDS data. 
The August 2000 samples were analysed using the Steroscan instrument coupled with 
an x-ray energy dispersive spectrometer. Figures 3.6.1 and 3.6.2 show examples of a 
x-ray energy dispersive spectrum for a colloid isolated on a 30,000 Dalton membranes 
of samples C6/3 August 2000 and C8/2 August 2000 respectively. The gold peaks 
present are from the coating used to prepare the samples for analysis. Each spectrum 
was examined and the elements present noted. The largest peak on the spectrum was 
assumed to represent the most predominant element present in the sample. Tables 
3.6.1 to 3.6.2 show the approximate sizes and the elements detected for the colloids 
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examined for the C6/3 August 2000 and C8/2 August 2000 samples respectively. The 
predominant elements are denoted by an 'X' and minor elements present are denoted 
by an 'x'. Colloids where no signal was achieved are shown as 'un-detectable'. 
These colloids may contain elements at very low concentrations or a proportion of 
organic matter that cannot be detected. Tables 3.6.3 and 3.6.4 show the results 
obtained classified with respect to the predominant and minor elements present for 
samples C6/3 August 2000 and C8/2 August 2000 respectively. The colloids present 
in sample C6/3 August 2000 were grouped into six types based on iron and silicon 
with trace elements. The colloids present in sample C8/2 August 2000 were grouped 
into five types based on iron and silicon with trace elements. 
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Figure 3.6.1 X-ray energy dispersive spectra for colloids isolated on the 30,000 
Dalton membrane from sample C6/3 August 2000. 
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Figure 3.6.2 X-ray energy dispersive spectra for colloids isolated on the 30,000 
DaIton membrane from sample C8/2 August 2000. 
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Table 3.6.1 Table indicating the elements present in colloids isolated on a 30,000 
Dalton membrane from sample C6/3 August 2000. 
Colloid ELEMENTS PRESENT 
Size (~m) AI.L C~l_CI L~r !'£!l.Fe i.~JM~lM'!l~a L~il Pb ll-1~!_LTi L~!lUD 
06 06 I I I I I I I I I I I I I I I X X I I I I I I I I I I I I I I --:.----=-~ ---J---~ ! : : ~~ !: i:!:: 
05 05 ' , , , , , , , " 'I' I I X · x . ::::: I I I :: I : 
0.4 x 0.4 I 1 I I i X I I I I I I i x I I I 
i : I i : X j I j i i i i i J I -
00'45 x 00.54 ~i x I I t I l---r--t---!----t---i-X-lI---I----.. I-----· X. i X : x I i x: I i:: :: 
1.0 x 0.9 rxl-x-l--1-~r--l--1-1--r--r--l---l---r x-ni---
__________ ----_,.--+--_-.. ---+---+ I I I I I .. ~=-+,--+, --t, ---1 
0505 ' 1 I I 'X' , , , , I ' , , I ' 
.'x. _L-l~ I ! I ! ! ! ! I I IX! I ! 
06 05 ' , , , 'I ""'" I I X · x. :: I i: I i : i i : : 
0.5 x 0.5 I I I I ! I 1 I I Ll I L_D __ ~ __ 
06 06 i I I I I i I i : i i i : 'I I 1 X • X. I I I , I I I I I I I I I I I rxl--j---t---t--j---t---t----;----t-t--t---t--11---
0.4 x 0.4 ----iY--t~~-----t~-t-~--1---f_ ! ! : : : x: : : 
_0.4 ~_O.4 __ -1 __ 12..1 __ 1 __ 1 X ! I i Xii I i : i i x i 
04 04 I I I I 'X' I ,I ,I, ' 1 ,I ,I ,i I i 
· x. ! 1 X! ! X! !, '-1 x !----l-
0.6 x 0.5 ! ! x I I I X I I I i l--!---J---!- !-~---J---
05x05 ' 'x' 'x' X I 1 I ' , t , ,-t I ' 
· . 't-t--i-t--t--t-t--t----t' ---t-----!---t----!--+--i--0.6 x 0.8 I 1 I I X I I t I I I I I X i I 
---t--- ---t----t----t--t----t-t--t--t-t--t-+:':-1I-+--I---I 
1.9 x 0.6 x I x I I I X I X I ~ I I I I I X I I 
-:---:c-=- - I t-t-t-t-=-f-t--t 1 t=l= 
0.7xO.5 i x I--I--J~~ i i i J--t~t 1 
O 5 0 8 ' x' , , , X 1--1 " " x t ' , · x. I t-i I x I • 1 1 I I I I I I I, I 1 t--t-t--t- -t-t--0.9 x 0.6 i x I X I X I I ~ I I 1 I I X I I I 
-t-t-=-t-=-t--t--f--t----t---t----+---t---t----+-j--t---
0.7 x 0.7 I I I I I I I I I I I I ! X I I f-".::,-=-.;,,-,=+--{--t--t---t---t--+---t---t---t---+-t--t--·t-"~i---+-+--\ 
1.2 x 0.5 I x I I I I X I I X ~ X I {I I I I X I I ! 
------ --{--~--4--t--t--t--t--+ I ---4--"f---t-' -:"':-t--\--\f----j 
03x03 I I I I I X I I • 1 I I I X' ,I ,I 
0'7 0'5 .1-1 t--ll I I X H f I 'I I I I I , i 
· x . I I 1 I ~ I I I I X I 1 I 
O.6xO.6 ! I , I I I I ! I , I il--l--lix 
I 1__ 1 I I __ --r----,.--,.--__,.-----,.----,.---,.---,.--__,.----06x03 I I I I 1 I 1 : I 1 I I I I I : X ~0'4' 0'7 --t--t---f---t---J
I 
X tl----t---;---t--+I---t---t--t--t--t I 
· x. I I :: : ~ : I : I I X I I ! 
------ ----~---~-----t---,.-_--~___ f I 
03 x07 I I I I I X I I • I I I 1 I x' , ,I ~.--'- --L----l----J ! ! ! ! ! ! 11 I' I ! , I 0.4 x 0.4 ! ! ! ! ! ! ! !! I!' I ! X +--+--+--+---+---05x05 Ixl I : IXI : I : I : I Ixl I : 
0·5 0·5 I : : : i X: ! ! 1-1--1----1---t----+1'--1----1----
0'3 x 0'6 ~---t-H~rx-t---t---~---l-I i--t----ti~l-t-t--
__ . _,~ _~ ___ -l ____ L __ J __ L_:.:!_l __ l ! I ! 1-- x : : 
0.3 x 0.4 _XJ i I I X I I I I I I I I x I ! ! 
0.3 x 0.3 I i I I x I I I I I i Ll~ __ l ___ L 
0.4 x 0.4 ! x! I x! : X! ! ! ! , ! , ! x, , ! 
0.5 x 0.5 ! x! r-I x I X I r-r-r-1-1---1---r-xI--r---r---
JJ:~~ O~~ __ J xJ __ x l __ ]==[~J=r--r-I---r--,--,--ixli L 
0.5 x 0.5 11 x ! x! tl x ! X, ! ! I: , ! , I: x I ! I 
--::-7---'::'- --- ---t--t-- I 1 + 1 ' l--t 1 ' 1 1 g.; :~.~ -t ~ 1 ~ 1 t x I ~ 1 1 1 I 1-1--t-1+1--t--t-
UD - un-detectable. 
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Table 3.6.2 Table indicating the elements present in colloids isolated on a 30,000 
Dalton membrane from sample CS/2 August 2000. 
Colloid ELEMENTS PRESENT 
~~~~~~ ~ll£~-L~!J~r t~_'!L!.I!J~JMglMnll'la l~LtR~L.~J§i i-!~'!~ 
05 10 x , 1 1 ' , , , , , 1 1 ' , , , 1 · X • I I I X I I : : : I :::: I 
O 5 0 6 r-r 'I : r-X r--r-r--r-r---- rl : : --r--~I---l .x. ,XIX Xl : : : : :: IX:: 
.. i i • 
0.4 x 0.4 I x ! ! ! I I ! I I x! ! X! I I 
0.6 x 0.5 ! x! I I x ! X! ! ! I ! ! x! I x! ! ! __ 0.4 x -0.3- ---t--~i x I r-xrxr---rxr-xr-T-r--rix I r--r------
f-O':'.:.;:'O'~::_+-_;-""-r----I I I I I I I .. --r---_--_ .. --r----
0.4 x 0.3 x I I ! x ! X ! ! ! I ! ! ! I X ! ! ! 
09 05 1 1 ' IX' : 1 : : I I 1 ! ! ! 
· x . x I x I I : I : : ! : I x: : : 
OS 06 'I 1 'X' , , , 1 1 ' , , , , · x . x : x::::: I: x: : __ ~I---~ ------r--+--:---I--C-t--~--t I : I-L t-t-:--t- I °0·25-~ 20·0S r-:+-LI---: --~~---t--~--~i : -t--t~-~t--+--x-
· x . I I !!!!!!!!!!!!: 
O 3 0 S ' I I I I I I I I 1 I I I I I I • X • !: x : X: : : I : I x I : : 
I I I I I v 1 I I I I I I I I I I ~.~ x O.i..r-_l __ L_l __ t_~_L!, ! t __ L __ t I I X ! ! ! 
07 05 : : : I I X : : : :: I:::: O:-5~S-- _i_~L--_' __ t-!-t----t---r--t--t---i--- ---t----~!-t--t---t-x-
0.3 x 0.3 i I I I i i I I I I I X 
15x03 I x Xl : I I I r Xl I r 
· . - t-t ~-~ I I t- -~+-t--t--1 0.3 x 0.3 r x , x x r r r r r r X I : r 
- -R=--- -""-t--"-+--t-t---t-t--t- - -t--t---t------0.6 x 0.6 I , r r r r r, I: r X 
05x05 ' , , , i 1 t- " , , 'X · .' , , " I I I I , 
0.7xO.7 I X r I I X I X I I I I : r I : x I I : .~,.:.:...~-~--I-""-I--~t-"'- t--t-~t_"'_t--i--+---l 
0.6 x 0.7 : x I '~ '~'I-X I I : I I I I : x I I I 
-:::-=-:-- -t_"'_f-- -- - ---~--J.--_l_---r-t--t--+-t-t---t--+----O.S x 0.7 I x : I::::: I I I X I : I 
0.7 x 0.3 I r-'--I I I I I i I I I 14 I tx 
09 06 ' 1 1 ' , , , , , 1 1 1 " , X 
· x . I I I : : I I I 1 I I : 06 OS r--r-r---r-: X I I : I i I i i: r---~.~--~-.:- --!.~--!---~---~~-~---~---i----~---~--___ -_--!--l.-~-!--___ ~---
0.6xO.7 ! Ll--l-!-l-!-I I I l I I I I X L;--+!---l 
0.4 x 0.4 ! x 1 xii x ! X ! ! ! ! 1 1 1 1 x ! ! 
0.SxO.7 ! x l l--L~L!.-I I ! l--1 I I I x ! ! 
-2..5!_ x Q& ____ L!_J~J _____ L! __ L!'J ___ J ____ L __ L ___ l ___ L_l ____ L'! __ L-L_--J-----
0.4 x 0.3 ! x l--1 I x I X I I LI I L!--l!..-L~!--~!---l 
04 03 I I I I I X I I I I , 1 ri' , , · x . I Xi: : x: I I I I I X I : : 
04 02 ' , 1 I' 'X I I : I I L I I I : .x. lXIX XI I I I I IX I I , ~:"=-"'-:'~'-I--i-r--.. • __ I •• ••• , 
-2.:.~_ x QJ_ -~~!--t-.!.-t---~-!--t-.!.-t---t-'!--t---t---Jll----L--ll---~l! ~-t---t-----t-----0.4 x 0.5 I x I I I x I X I I I I ,r x I I I 
O 3 0 4 1'1--'1 I IX r--t I I Ilt--: ! !·--f!---~ .x .• x ,x, I I I , , I I IX, I , 
04 05 ' , 1 ' 'X' I : I I : : I I I I .x. IXL-L __ L.!.-L __ !::!: I I IX:, , 
05 10 I I t I IX: I I I I : 1 : 1 I I 
-0·4--xx 0:-6- ---t-Xx---t---I---t Xx -I X t---t--t---~---t_-~--t--t Xx -t--t--+---
.. lL-t"III't -- t'" t--I I--r---~I t--t : : I ----- -- --t--t----t---0.7 x 0.4 I x I I I x I X I I I I x, I I 
06 ,I 1 r---I I I I I i Ix i · X 0.5 : X: I I x : X I I I I I I 
VD - un-detectable. 
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Table 3.6.3 Types of colloids detennined by SEM-EDS for sample C6/3 August 
2000. 
Element 
Type 1 Type 2 Type 3 Type 4 TypeS Type 6 
(17%) (43 %) (13 %) (10%) (3%) (7%) 
Fe X X X x 
Si x x X X X 
Cl x 
Ca x 
Including either; 
Al x x 
Ca x x 
Cl x 
Cr x 
Cu x x x 
Fe x 
K x 
Mg x 
Mn x x 
Zn x 
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Table 3.6.4 Types of colloids determined by SEM-EDS for sample C8/2 August 
2000. 
Element 
Type 1 Type 2 Type 3 Type 4 TypeS 
(23%) (57%) (18 %) (3 %) (3%) 
Fe X X x 
Si x x X X 
AI X 
Ca x 
Cu x x x 
Including either; 
AI x 
Ca x x 
Cl x x 
Cr x 
Cu x 
Fe 
K 
Mg x 
Mn x 
Pb x x 
Zn 
In conclusion the results for samples C8/2 August 2000 and C6/3 August 2000 show 
that the colloids predominately consist of iron and silicon, where iron is the most 
abundant elements. The following elements were also detected within the colloids in 
various combinations: aluminium, calcium, chloride, chromium, copper, potassium, 
magnesium, manganese, and zinc. 
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The November 2001 samples were analysed using the LEO 1530VP Phoenix EDAX 
instrument. Figure 3.6.3 and 3.6.4 show examples of an x-ray energy dispersive 
spectrum for a colloid isolated on a 30,000 Dalton membrane for samples C2/2 
November 2001 and DDS130 November 2001 respectively. The gold peaks present 
are from the coating used to prepare the sample for analysis. 
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Figure 3.6.3 X-ray energy dispersive spectrum colloid isolated on a 30,000 Dalton membrane from sample C2/2 November 2001 . 
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Figure 3.6.4 X-ray energy dispersive spectrum colloid isolated on a 30,000 Dallon membrane from sample DDS130 November 200 1. 
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Tables 3.6.5 and 3.6.6 show the elements detected for the colloids examined for 
samples DDS130 November 2001 and C2/2 November 2001 respectively. Each 
column presents the elements detected for a single colloid examined. The 'percentage 
element present' is with respect to the total percentage of elements detected. 
Table 3.6.5 Table indicating the percentage elements present in colloids isolated on 
a 30,000 Dalton membrane from sample DDS130 November 2001. 
PERCENTAGE ELEMENT PRESENT I 
Fe Si i Ca I Ni I Cu ! Zn I Na I Cr I 
66.7 I 31.3 I I I I I I 1 
71.4 I 28.6 I I I I 11 --~---~-~ -t I . -~ 
75.1 ~ 24.9 I I t i 
69.7 I 21.3 I 9.0 I i I: _lO:2..l_~~~~! 13.6 39.0! 11.6_ LJ 
66.3 ! 33.7 !! ! !! 
33:31 20.2 i 3.5 i i 10.1 29.0 i 3.8 i 
85.2 I 14.8 !! I I 1 
---.. ----,.----~--~---,.---..,.-------., 
61.9 I 38.1 ! ! ! ! ! ! ! 
66.71 33.3 I I I I I I I 
83.4 ! 16.6 I I I I I I I 
----... ---1-----.. ---------+---------+----. 
71.7 i 21.2 I 7.1 I ! 1 ! i i 
65.0 I 20.8 i 14.1 ! ! I I I i 
I I I I I I I £?:ZJ 32.3 L ___ L ___ L __ J ___ L_-L ____ -1 
65.5 ! 15.4 i 2.6 i i 4.7 i 5.3 I ! i 
73.8 ! 26.2 I I I I I I I 
.§'!.:..1.t 28.3 L! 0.3 J ____ l ___ l ____ l __ -1 ______ J 
66.4 24.1 I i I i 9.5 i i i 
66.9 28.1 I 5.0 i i I I i j 
76.3J 18.21 5.4 J---+---t----+----!------~ 
87.4 I 12.6 I I ; I ! ! ! 
78.51 21.5 I ill I I j E·9 21.1 I~ . I _--+ ____ ~ 
69.1 I 14.7 I 3.7 I I 6.2 I 6.3 I I I 
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Table indicating the percentage elements present in colloids isolated on 
a 30,000 Dalton membrane from sample DDS130 November 2001. 
PERCENTAGE ELEMENT PRESENT I 
hlffil~ Mi~i~ ~iMiML! 
~;:~ : ~~:~: 2.5 i 1~~2 i I I 1 
40.1 114.31 7.4 12l.:u 16.9 L--L-] 
69.7 I 25.7 i 4.6 , ! J I L--L----1 
-~§-:!l?}·~L~Q.~U---L--J--rl 8~~--11-j----j 
84.3 I 15.7 I i ! i !! 
-------j-------t-------r------r------,--------1--,---, 
86.3 , 13.7 : : : , I I I : 
-------..... ------t I --r J- , of I 1 
80.5 I 19.5 I : ,I I , 
~6=6::_.:.:8:_-+_'j:_:3~.~2;..+' __ .1 - 1 I ! 
70.3 18.1 ! 3.8 2.5 ! 5.3 ! 
59.1 3l.7 9.2 I I 
56.8 27.6 15.6 j 
80.7 16.1 2.4 0.7 ~ 
79.8 20.2 ~ 
77.2 11.3 l.9 7.1 I I 2.4 I ~ 
83.4 I 14.4 I I 2.3 I ~--~ i ~ 
70.4 i 16.7 i 5.9 + i i _~ __ ~JO ~ ___ ~ 
56.9 i 23.4 t-----_I.----t-6.9 ~------'t----~-1~.8 -1----1 
75.2 i 10.9 _~}Y---_I.-----~----~------- -!!:Q..~--___I__-l 
_J}.7 i 22·?._i __ ±~~ __ k---t-----.i_--~---~ i i 
_1.6.1_.1-~8·? __ i_} O.2..~ __ ~-2~~ __ ~ ___ ~J l.8 -1 I I 
84.9 10.9 I 4.2 I: :: 
-47.9 17.8 -lll.6 t I 17.41---+: -5--:.4--1 
50.0 20.6: 19.8 9.6 I 
T , , 
75.7 20.4! 3.9 I ! 
72.5 14.5 I 5.6 7.4 i I 
74.3 12.8 I 2.6 3.5 i 6.8 J--+---1 
70.4 2l.2 I 8.3 I j , 
~~:~ 12:': 1:1 l.0 1:1 1:1 I 3.8 I 1 _1-~2j 
78.3 ! 14.7 l.7 2.4 ! : 0.8 ! 2.1! ! I I I , ___ ..__- ___ ..... _______ .. 
81.0 I 9.4 ! ! ! ! 8.1! ! 1.5! ! t-=~__:_-__r------:---__r---r_----i----__r-----"t--------1 57.4 I 22.0 : : I : , 13.4 : 7.2 : : 1-:::::-=-1'~_::_7·----~---.. ----.. -------.. ----.. ---------.... 
_77. !_lJ_Q.:~J_~~_L ___ J ___ _' _ __'?:1 ___ L __ J_~_____1 
_.?8.~j}3~±jJ3 I L!:!J..l..<!:l.1 2.0 J 5.9 i 6.8 i 
68 6 ' , 13 0 ' , I I I ' , • J J. J J I 18.3 I I I 
-64.2-125.71 I I j 10.1 j j I j 
45.8 I 13.1 I 3.3 I 5.4 i i 16.2 I 8.2 i 8.1 I I 
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Tables 3.6.7 and 3.6.8 show the results classified with respect to the ratio of 
predominant and minor elements for samples DDS130 November 2001 and C2/2 
November 2001 respectively. The colloids present in sample DDS130 November 
2001 were grouped into four types based on iron and silicon (Fe "" 80 % / Si '" 20 %) 
with associated trace metals. The colloids present in sample C2/2 November 2001 
were grouped into eight types based on iron and silicon (Fe '" 80 % / Si '" 20 %, Fe "" 
60 % / Si "" 20 % and Fe "" 45 % / Si "" 15 %) with associated trace metals. 
Table 3.4.7 Types of colloids determined by SEM-EDS for sample DDS130 
November 2001. 
Element Type 1 Type 2 Type 3 Type 4 
(13 %) (25%) (42%) (13%) 
Fe 85±2 69±6 71 ±6 67±3 
Si 15 ±2 23±5 29±6 15 ± 1 
Ca 8±2 3 ± 1 
Cu 5±1 
Zn 6±1 
Na <8 
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Table 3.6.8 Types of colloids determined by SEM-EDS for sample C2/2 November 2001. 
Element Type 1 Type 2 Type 3 Type 4 Type 5 Type 6 Type 7 Type 8 
(13 %) (11%) (18 %) (8 %) (13 %) (11%) (11 %) (8%) 
Fe 79±2 76±7 56±3 64±4 72±3 76± 1 82±2 45±4 
Si 21 ±2 20±6 21±5 25±7 17 ± 3 11 ± 1 12±3 15 ±2 
Ca 4±0.3 2±OA 7±4 
MTOTAL 23±6 11 ±3 11 ±3 1O± 1 6±4 33 ± 9 
Ca, Cu, Cr, Ca,Cu,Na AI, Ca, Cu, AI, Cu, Cr, AI, Ca, Cu, AI, Cu, Cr, 
Mg,Na,Ni Cr,Mg, Ni Na Cr,Mg, Na Mg,Na,Ni 
-00 
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In conclusion the results for samples C2/2 November 2001 and DDS130 November 
2001 show that the colloids predominately consist of iron and silicon in various 
concentrations, (Fe 45 - 80% / Si 15 - 20%) where iron is the principal element. The 
following elements were also detected: aluminium, calcium, copper, chromium, 
magnesium, nickel, potassium, sodium, and zinc. The colloids isolated from borehole 
C2/2, below the waste trenches, generally contained more elements than those isolated 
form borehole DDS130 situated above the waste trenches. This may suggest the 
movement of colloids containing many elements from the waste trenches compared to 
those colloids containing fewer elements found in the groundwater entering the 
trenches. Or that the geology and hence the natural colloids found in the groundwater 
is more complex around the C2/2 borehole than the DDS130 borehole. Further 
samples would be required to confirm this observation. 
3.6.1 Drigg Colloids 
Sturnm and Morgan list the following types of colloids encountered in natural aquatic 
systems 58. 
Products of weathering and soil colloids (e.g. aluminium silicates, 
kaolinite, gibbsite, silica). 
Iron (Ill) and manganese (Ill, IV) oxides. 
Phytoplankton, biological debris, humus colloids (inc. colloidal humic 
acid), and fibrils. 
So-called dissolved iron (Ill) consisting mainly of colloidal iron (Ill) 
oxides stabilised by humic or fulvic acids. 
In the far field, colloids are generated from the surrounding geological material, e.g. 
clay minerals, iron, silica and manganese. There is also the possibility of fmding 
colloids generated from the near field waste trenches. Considering the Drigg far field 
colloids mainly consist of iron, possible sources may either be; 
i) iron-bearing minerals that have been detected in the Drigg sediments are 
iron oxides and hydroxides, (e.g. goethite and hematite), pyrite and 
carbonates 126, 5S2. Iron oxides and hydroxides are significantly present 
concentrated in the < 2 Ilm fraction 5S2. 
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1i) from the near field mainly from the rusting of iron wastes in the repository 
75 
Hematite and goethite (Fe203, FeO(OH», contain approximately seventy percent iron 
(one hundred percent iron by EDS analysis) and are often accompanied with clay and 
sand impurities 553. However the Drigg iron colloids cannot be 'simple' hematite I 
goethite colloids i.e. with no associated NOM, as (i) they are Fe (Ill) species and are 
not readily dissolved and (ii) the pH of the Drigg trench waters (between 6.5 - 7.2, 
study by Verrel 35), are close enough to the pHpzc of haematite (PHpzc = 8 3) to 
cause aggregation and therefore sedimentation 75. The Drigg colloids maybe 
stabilised by the presence of an organic coating around the iron based colloid. TIris 
theory may be applied to the iron based far field colloids, where the groundwater pH 
varies from 6.2 to 7.5. The EDS analysis may suggest haematite colloid with clay and 
sand impurities. Further evidence for this is the identification of iron oxides in the 
finer fractions of Drigg sediment 126, 552. The theory could be further tested by the 
detection of organic matter in the presence of the iron colloids. However it was not 
possible to determine organic matter, specifically carbon, by the sample preparation 
and EDS analysis described in this study. TIris was due to the presence of carbon in 
the membranes used to isolate the colloids for analysis. 
When comparing both far field samples, no 'type' of colloid found in sample DDS 130 
from above the trenches exactly matches with those found in sample C2/2 from below 
the trenches. Given that these are heterogeneous 'natural' samples this is expected. 
However there are some similarities when comparing the iron, silicon and 'other 
element' ratios. Tables 7.3.1 to 7.3.4 given in appendix 7.3, show the summary tables 
for SEM-EDS analysis on the near field groundwater samples determined by Allinson 
125. Again there is no exact 'type' of colloid found in both the near field and far field 
groundwater samples, but there are similarities when comparing the iron, silicon and 
'other element' ratios. In particularly iron and silicon ratios of approximately Fe '" 65 
% I Si '" 25 %, Fe '" 85 % I Si '" 15 % and Fe "" 55 % I Si '" 20 %, are common in both 
groundwaters. TIris may suggest some movement of these types of colloids from the 
near field to the far field. 
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A sample of Drigg sediment was also isolated on a cellulose nitrate membrane and 
examined by SEM-EDS. The Drigg sediment was collected from several boreholes 
across the Drigg site during the borehole construction phase and was originally used 
in studies by Fairhurst 37. The results are shown in table 3.6.9. The particles were 
grouped into 9 types consisting of silicon, aluminium and iron in various 
concentrations (AI "" 90 % I Si "" 10 %, AI "" 20 % I Si "" 65 %, AI "" 10 % I Si "" 90 %, 
AI '" 20 % I Si '" 20 % I Fe "" 50 %, AI "" 30 % I Si '" 40 % I Fe '" 20 %, AI "" 30 % I Si 
'" 55 % I Fe "" 10 %) with associated trace elements. 
The EDS results suggest that the particles maybe aluminium and silicon minerals. 
Studies have concluded that the bulk mineralogy of the Drigg sediment is dominated 
by the common rock forming silicates such as quartz, feldspars and micas 126,552. Of 
the clay minerals kaolinite is the most abundant with chlorite and smectites present at 
low concentrations 126. Tables 3.6.1 0 and 3.6.11 details some common primary and 
secondary rock minerals. The elemental composition is presented without the 
inclusion of oxygen and hydrogen. These have not been included as the EDS cannot 
quantitatively detect oxygen, plus oxygen and hydrogen will be present in the 
membranes used to isolate the colloids. 
It is possible to suggest the identity of the particle types found in the Drigg sediment 
by correlating the EDS analysis with the mineral element compositious. For example, 
particle type 1 maybe boehmite or gibbsite type particles. Types 2 to 4 could be mica 
or chlorite based particles. Particle types 5 and 6 maybe iIIite based particles. Particle 
type 7 could be albite type particles. Type 8 maybe a montmorillonite based particle. 
Particle type 9 could quartz type particles. 
The Drigg sediment maybe considered typical of the geological material found across 
the site. However in comparison to the far field groundwater colloids, none of the 
Drigg sediment particle types are similar to those isolated from the groundwater, 
although there are elements common to both phases. This may be explained by the 
alteration of the geological material by the groundwater solution chemistry as is 
passes through the Drigg site. Thus causing the generation and mobilisation of 
colloids containing geological material and dissolved groundwater species. Therefore 
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those colloid types found mobile in the groundwaters would not exactly resemble 
particles found in the Drigg sediment sample. 
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Table 3.6.9 Types of colloids detennined by SEM-EDS for a Drigg Sediment sample in December 2001. 
Type 1 Type 2 Type 3 Type 4 Type 5 Type 6 Type 7 Type 8 Type 9 
Element 
(10 %) (8 %) (8%) (16%) (6%) (6%) (4%) (6%) (6%) 
Si 8±2 18 ± 3 38±2 42±8 50± 1 57±3 64±5 79± 1 95±3 
AI 89±3 23 ±3 28±3 27±3 32±4 26±3 21 ± 0.4 9±2 3± 1 
Fe 48±7 23±3 14±2 7±3 7±3 
Mg 5±3 5±1 8±5 3±1 4±1 2±1 
K <2 3±1 4±1 6±1 <2 
Na 3±2 <4 <3 
MToTAL <7 S±3 3±2 <3 6±2 15±4 2± 1 
Fe, Mg, Na. 
Mn,Na, Ti 
S 
Na, P, Ti Cu, Ti K, Na, Ti 
Ca, Fe, K, 
Na, Mg, Ti 
Fe, K, Mg 
Possible Boehmitel ChIoritel ChIoritel ChIoritel 
Illite Illite Albite Mont. Quartz 
Mineral Type Gibbsite Mica Mica Mica 
-00 
0\ 
Table 3.6.10 Table showing primary common minerals and the elemental composition without oxygen and hydrogen 6,40, SS3 - 555. 
, 
Mineral Chemical Formula Comments Composition 
Silica Group (Si02). Tektosilicate (Framework silicates) -
Quartz Si02 
Constituent of acid igneous plutonic rocks, e.g. 
Si 100% 
granites, occurs in metamorphic rocks e.g. pelites 
Mica Group 
XN2~.020 X=NaIK, 
PhyIlosilicates (Sheet silicates) 
-Y = FelMglAI, Z = Si/AI 
Muscovite KAh(AIShOlo)(OH)2 Common mica, found in sedimentary rocks - e g. Si 41-45%, AI 28-40%, K 19 -27% 
granites 
Biotite K(Mg,FeMAISi301O)(O~ Found in a variety of rocks Si 26-38%, AI 8-12%, Mg:Fe 69-20% 
Feldspar Group 
XAIShO. X = NaIK. Tektosilicate (Framework silicates), either Alkali 
-
XAI2Si20. X = Ca feldspars or Plagioclase feldspars 
K-Feldspar KAIShO. 
Alkali feldspar, mmeral in alkali and aCId igneous Si 56%, K24%, AI 19%, Na 1% 
rocks, e.g. granites, syenites, felsites Si 56%, K 26%, AI 18%, 
OrthoclaselMicrocline KAIShO. 
Alkali feldspar, mineral in alkali and acid igneous 
Si 56%, K 26%, AI 18% 
rocks, e.g. granites, syenites, felsites 
Albite NaAISi3O. 
Alkali feldspar, mineral in alkali and acid igneous 
Si 63%, AI 20%, Na 17% 
rocks, e.g. granites, syenites, felsites Alkali Feldspars 
OIivine Group X2Si04 X = MglFe NeosIllcates 
Olivine (Mg,Fe)2Si04 Mineral in most ultrabasic igneous rocks, e.g. picrites Mg 52%, Si 34%, Fe 14% 
Pyroxene Group 
XI.., Y 1+n~06 X = CalNa, Y 
InosIlicate (Chain silicates) -
= MglFelLilCrfri, Z = Si/AI 
Pyroxene 
-
Found in a variety of rocks Si 44%, Ca 28%, Mg 16%, Fe 10%, Al 2% 
Epidote Group 
X2T3ShOl2 X = CalCefLaiY 
Sorosilicates -lFelMn, Y = AlIFelMnffi 
Epidote Ca2(AI,F e )3S13012(OH) Found in low-grade metamorphic and igneous rocks Ca 29-42% Si 10-15% AI 0-45% I FeO-61% 
Table 3.6.11 Table showing secondary common minerals and the elemental composition without oxygen and hydrogen 6,40, SS) • SSS. 
Mineral Chemical Formula Comments Composition 
X2Y3Si3012 
Product ofweatheriug of rocks, all containing [Si,OIO] 
Clay Mineral X = Ca/CelLalY/FelMn/Mg, . 
Y = AlIFelMnlri 
tetrahedral sheets e g. feldspars + water .... clays 
Kaolinite S4 AI, 01O(0H). Also Kaolin, China Clay, forms from alteration of Si 78%, AI 15%, K 1%, Fe 3%, Mg2%, 
feldspars in granites Na<l% 
K-Montmorillomte X. [Si~h020] Si 63% Al 25%, K 7%, Mg 4% 
Na-Montmonllonite Smectite group SI 65%, AI 26%, Mg 5%, Na 4% 
X = Al/Na/KIMg/Ca 
Mg-Montmorillonite Si 66%, Al 27%, Mg 7% 
Bentonite 
Smectite group, consisting largely of montmorillonite Si 67%, Al 15%, Fe 1%, Mg2%, Ca 1%, 
-
and beidellite Na 13%,K 1% 
Ilhte KI.I s Al,(Si,-6 sAll•1 S020) Formed by weathering ofK-feldspar or muscovite 
Si 49-53%, AI 20 -33%, K 11-15%, Fe 6%, 
Mg3-4% 
Vermiculote (AI, Mg, FeL+),Si.020(0H)4 Related to smectites, forms from alteration ofbiotlte -
Chlorite (Mg, AI, Fe2+)12(Si, AI).020 Common primary mineral in low-grade regional Si 25-44%, Al 24-53% Mg 0-57%, Fe 0-
(OH). metamorphic changes 75% 
Magnesium Chlorite Mg 45%, Si 30%, Al 25% 
Allophane ShAI,012 nH20 Amorphous clay, has affinity for Kaolin Al 56%, Si 44% 
hnogohte ShAl,010.5H20 Amorphous clay AI 67%, Si 34% 
Goethite/ Multiple OXide, forms from weathering of iron-rich 
Lepidocrocite 
a-FeO(OH) / y-FeO(OH) 
materials, and precipitates from groundwaters 
100% 
Hematite a-Fe203 70% iron, clay/sand impurities sometimes present 100% 
Pyrite FeS2 Sulfide, 47% iron, often present as an ore vein 100% 
Bohemite y-AIO(OH) Multiple oxide 100% 
- Glbbsite Al(0H)3 Forms as an alteratIOn product of aluminosilicates 100% 00 00 
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3.7 Activity Results 
3.7.1 Tritium Activities 
Table 3.7.1 shows the tritium activities of the samples analysed by liquid scintillation 
counting. Compared to other forms of activity detected within the far field samples, 
the majority of the activity is in the form of tritiated water. The errors are calculated 
to one standard deviation. 
Table 3.7.1 Tritium activity for the far field groundwater samples. 
Thesis Sample Tritium Activity 
Reference (Bq dm-3) 
C2/2 November 1999 21324±483 
C6/3 November 1999 13441 ±333 
C6/3 March 2000 -
C8/2 March 2000 6746±256 
C6/3 August 2000 18229 ± 471 
C8/2 August 2000 7604±295 
C6/3 May 2001 9329±280 
C2/2 November 2001 37180 ± 650 
DDS130 November 2001 ~O 
C1I2 January 2001 57±34 
DDS 130 January 2001 ~O 
The tritium detected as tritiated water in the far field is thought to originate from the 
disposal of a consignment of 'Betalight' luminescent telephone dials disposed in 
trench between December 1983 and April 1984 126. The dials used a fluorescent paint 
with tritium to allow the continual light production. The tritium is though to exchange 
with the hydrogen in the groundwater to produce tritated water (HTO). 
Table 3.7.2 shows the tritium activity considering boreho1e position with respect to 
groundwater flow across the site. 
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Table 3.7.2 Tritium activity of the far field groundwater samples considering 
borehole position with respect to groundwater flow across the site. 
Tritium Activity 
Borehole Location Sample Reference 
(Bq dm-3) 
DDS130 November 2001 -
Above Waste Trenches 
DDS130 January 2002 -
Above Waste Trenches C1I2 January 2002 57±34 
Below Waste Trenches C2/2 November 1999 21324±483 
_3H plume A C2/2 November 2001 37180±650 
C6/3 November 1999 13441 ± 333 
Below Waste Trenches 
-3HplumeB 
C6/3 August 2000 18229±471 
C6/3 May 2001 9329±280 
Below Waste Trenches C8/2 March 2000 6746±256 
_3H plume B C8/2 August 2000 7604±295 
BNFL studies have determined the presence of two tritium plumes issuing from the 
waste trenches 126. The plumes follow the groundwater flow towards the North Sea. 
Figure 2.3 on page 69, shows the position of the tritium plumes and the sampled far 
field boreholes. Borehole C6/3 intersects plume B approximately 90 m from the 
south-west end of the waste trenches. Borehole C8/2 intersects plume B 
approximately 330 m from the south-west end of the waste trenches. There is less 
tritium activity reaching borehole C8/2 compared to that reaching borehole C6/3. 
This is expected as the tritium is mixed and dispersed by the groundwater flowing 
across the site as it moves away from its origin in the waste trenches. Borehole C2/2 
intersects plume A approximately 210 m from the north-west side of the trenches. 
Although borehole C6/3 is closer to the waste trenches than borehole C2/2, the tritium 
activity detected has always been higher in borehole C2/2 (plume A) than in borehole 
C6/3 (plume B). This may suggest either a reduced pathway for groundwater to dilute 
the tritium activity towards borehole C2/2, or a higher generation of tritium activity 
feeding plume A compared to plume B depending on where the waste was disposed of 
in trench 6. Borehole C 112 is situated above the trenches and the cut-off wall with 
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respect to the groundwater flow. However, tritium has been detected in this borehole 
suggesting seepage from the trenches under the cut-off wall and against the general 
trend in groundwater flow across the site. Borehole DDS130 is also situated above 
the trenches and the cut-off wall with respect to the groundwater flow. As would be 
expected no tritium activity was detected in this borehole. This confirms that the 
tritium originates from the waste trenches. 
Boreholes C8/2, C6/3 and C2/2 have been sampled more than once over the three-
year study period, (see table 3.7.2). Variations in the tritium activity may be 
attributed to seasonal fluctuations in the groundwater flow. 
3.7.2 Gross Alpha and Gross non-Tritium Beta Activities 
Table 3.7.2.1 shows the gross alpha, and gross non-tritium beta results for the far field 
groundwater samples and fIltrate samples. The minimum detectable limit (MDL) for 
gas proportional counting for alpha and non-tritium beta activity has been determined 
as <0.06 Bq dm·3 using the method described by Currie 556. 
From the waste inventory alpha emitters that are contained within the waste trenches 
and could be detected by gas proportional counting are shown in table 3.7.2.2. No 
gross alpha activity was detected above the MDL in either the groundwater samples or 
the fIltrates. 
From the waste inventory non-tritium beta emitters that are contained within the waste 
trenches and could be detected by gas proportional counting are shown in table 
3.7.2.2. All the groundwater and filtrate samples contained low levels of gross non-
tritium beta activity. 40K is a beta and gamma emitter and has been detected in the far 
field groundwater samples by gamma spectrometry. Therefore the presence of 40K 
could account partially for the gross non-tritium beta activity present in the samples. 
4~ is natura1ly occurring and is not thought to be from the waste trenches at Drigg. 
This was confirmed by the detection of 4~ by gamma spectrometry in the samples 
collected from above the trenches with respect to the groundwater flow across the 
Drigg site. 
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Table 3.7.2.1 Gross alpha and gross non-tritium beta activities for far field 
groundwater samples. 
Thesis Sample Gross Alpha Gross Non-Tritium 
Reference 
Description 
Activity (Bq dm·3) Beta Activity (Bq dm·3) 
C2/2 November 1999 Groundwater <006 1.21 ±002 
C6/3 November 1999 Groundwater <0.06 2.35 ±0.02 
C6/3 March 2000 - - -
C8/2 March 2000 Groundwater <006 0.18 ± 0.02 
Canister a < 12f1111 filtrate <0.06 0.11 ± 0.01 
Canister a < 1 J.lm filtrate <006 0.47 ± 0.02 
Canister a < 30 kD filtrate <006 0.22±0 02 
Canister c < 12J.lm filtrate <0.06 0.13 ± 0.01 
Canister c < 1 J.lm filtrate <0.06 0.10 ± 0.01 
Canister c < 30 kD filtrate <0.06 0.12 ± 0.01 
C6/3 August 2000 Groundwater <0.06 0.28±0.02 
< 12f1111 filtrate <0.06 0.20 ± 0.02 
< 1 f1I1I filtrate <0.06 0.31 ± 0.03 
< 30 kD filtrate <0.06 0.37 ±0.03 
Conc. Groundwater <0.06 0.97±0.03 
C8/2 August 2000 Groundwater <0.06 0.24± 0.02 
< 12f1111 filtrate <0.06 0.12 ±0.02 
< 1 f1I1I filtrate <0.06 0.19 ±0.02 
< 30 kD filtrate <0.06 0.25 ± 0 01 
Cone. Groundwater <0.06 0.17 ± 0.02 
C6/3 May 2001 
- - -
C2/2 November 2001 Groundwater <0.06 0.33 ± 0 02 
DDS 130 November 2001 Groundwater <0.06 0.56 ± 0.01 
CI/2 January 2002 Groundwater <0.06 12.57 ± 0.04 
DDS 130 January 2002 
- - -
192 
Drigg Results & Discussion 
Table 3.7.2.2 Details of alpha and non-tritium beta emitting radionuclides disposed 
in the waste trenches at the Drigg site 126. 
Alpha Emitting Non-Tritium Beta Emitting 
Radionuclides Radionuclides 
21Opb, 22~ 233U, 234U, 238U, 238pU, 14C, 35S, 36Cl, 45Ca, 58CO, 6OCo, 
239pU, 24OpU, 241 Pu, 241 Pu, 243 Am, 63 Ni 65Ni 89Sr 90Sr 95Zr 95Nb 
, , !t , , , 
244Cm 99Tc, I03Ru, I06Ru, 1291, 1311, 137CS, 
147Pm 152Eu 154Eu 155Eu, 210Pb , , , 
It was believed that the gross non-tritium beta activity results for the groundwater and 
the filtrates would give mass balance. Mass balance is defmed by the correlation 
between the levels of activity found in the groundwater compared to that found on the 
filter membranes and in the filtrates of that groundwater. In theory, the sum of the 
activity retained on successive membranes, plus the activity present in the fmal 
filtrate, should equal the total activity in the groundwater. Ideally the amount of 
activity present on the membranes and in the filtrates should determined 
experimentally. However the activity retained on the membranes can be denved by 
subtracting the filtrate activity from the groundwater activity for the first membrane, 
or the previous filtrate activity for subsequent membranes. Figure 3.7.2.1 shows a 
schematic graph illustrating mass balance. The theory of mass balance can be applied 
to any measurement of activity or elemental concentration. 
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Figure 3.7.2.1 Schematic graph showing mass balance theory. 
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However mass balance has not been observed for the gross non-tritium activities in 
the far field groundwater samples collected (see figures 3.7.2.2 to 3.7.2.3). Although 
errors have been calculated to one standard deviation, they only account for the 
counting errors. Errors associated with the preparation technique (i.e. dilution, 
ashing, weighing, gas flow, and temperature) may have also affected the sample. 
Also the samples contain levels of gross non-tritium activity close to the detection 
limits for the gas proportional counter. These reasons may explain the anomalous 
results when comparing the groundwater samples with the filtrate samples for gross 
non-tritium activities. 
Table 3.7.2.3 shows the gross non-tritium beta activity considering borehole position 
with respect to groundwater flow across the site. No trend is observed when 
examining the gross non-tritium beta activities with respect to ground water flow 
across the site. It can be assumed that a sample from borehole DDS 130 gives a 
background level for gross non-tritium beta activity (0.56 Bq dm-\ Samples 
collected from boreholes C6/3 in November 1999, C2/2 in November 1999 and C1I2 
in January 2002 all gave gross non-tritium beta activities above the background level. 
This may either suggest the movement of beta emitting radionuclides from the waste 
trenches or suggest seasonal fluctuations in the movement of natural occurring beta 
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emitting radionuclides. The latter maybe true for samples C6/3 November 1999 and 
C2/2 November 1999 as the gross non-tritium activity values are slightly elevated 
above background and as mentioned before the calculation error only considers 
counting errors. However of particular interest is the C 112 January sample which 
measured a gross non-tritium beta activity elevated to 20 times the background level. 
The borehole is situated a few metres away from the waste trench and the results 
suggest the migration of gross non-tritium beta activity from the waste trenches to the 
borehole. 
Table 3.7.2.3 Gross non-tritium beta activities of the far field groundwater samples, 
considering borehole position with respect to groundwater flow across 
the site. 
Gross Non-Tritium Beta 
Borehole Location Sample Reference 
Activity (Bq dm-3) 
Above Waste Trenches DDS130 November 2001 0.56 ± 0.0 1 
Above Waste Trenches C 112 January 2002 12.57 ± 0.04 
Below Waste Trenches C2/2 November 1999 1.21 ± 0.02 
_3H plume A C2/2 November 2001 0.33 ± 0.02 
Below Waste Trenches C6/3 November 1999 2.35 ± 0.02 
_3H plume B C6/3 August 2000 0.28 ± 0.02 
Below Waste Trenches C8/2 March 2000 0.18 ± 0.02 
_3H plume B C8/2 August 2000 0.24 ± 0.02 
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Figure 3.7.2.2 Gross non-tritium activity distribution in sample C8/2 March 2000 -
canister a. 
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Figure 3.7.2.4 Gross non-tritium activity distribution in sample C8/2 August 2000. 
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3.7.3 Gamma Activities 
Table 3.7.3.1 shows the gamma activities detected in the far field groundwater 
samples. The MDL for gamma spectrometry for specific gamma activities has been 
determined as < 4.2 Bq dm-3 for 40K and < 0.2 Bq dm-3 for I37CS, using the method 
described by Currie ;;6 The MDL is determined using a statistical approach, which 
considerers whether the sample signal is statistically greater than the background 
signal. Therefore it is possible to observe a sample signal i.e. a gamma peak, even 
though the sample signal is not significant with respect to the background signal. For 
samples where the values are highlighted in red, gamma peaks were observed but the 
activities were below the MDL. 
The results highlighted in blue are for samples C6/3 November 1999, C8/2 March 
2000, and C6/3 March 2000. Although there appears to be some 40K activity in these 
groundwater samples, the results should not be taken to be quantitative due to an error 
with the manipulation of the raw data within the gamma spectrometer software. 
It would be expected that mass balance (refer to section 3.7.2, page 191) could be 
achieved for the specific gamma measured for the far field ground water samples and 
filtrates. The 40K gamma results for sample C8/3 March 2000 cannot be taken 
quantitatively due to the loss of data whilst the gamma spectrometry was relocated. 
Therefore the results have been considered assuming that the 40K activity detected in 
the groundwater is equal to one hundred percent, and the 40K found in the filtrates as a 
percentage with respect to the total 40K activity in the groundwater. Table 3.7.3.2 
details the percentage results for sample C8/2 March. Figures 3.7.3.1 and 3.7.3.2 
illustrate these results graphically. 
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Table 3.7.3.1 Gamma activities for the far field groundwater samples and filtrates. 
Thesis Sample 
Description 
Gamma Activity (Bq dm·') 
Reference 40K I37CS 
C2/2 November 1999 Groundwater < 4.2 < 0.2 
C6/3 November 1999 Groundwater < 4.5 ± 1.2 < 0.2 
C6/3 March 2000 Groundwater 11.8 ± 1.0 < 0.2 
C8/2 March 2000 Groundwater 9.9 ± 2.3 < 0.2 
< 12 Jlm fi ltrate 9.0 ± 1.3 < 0.2 
< 1 Jlm filtrate 7.9 ± 1.6 < 0.2 
< 30,000 D filtrate 6.0 ± 1.6 < 0.2 
C6/3 August 2000 Groundwater < 4.2 < 0.2 
< 12 Jlm filtrate < 4.2 < 0.2 
< 1 Jlm fi I trate < 4.2 < 0.2 
< 30,000 D filtrate < 4.2 < 0.2 
< 500 D filtrate < 4.2 < 0.2 
C8/2 August 2000 Groundwater < 4.2 < 0.2 
< 12 Jlm filtrate < 4.2 < 0.2 
< 1 Jlm filtrate < 4.2 < 0.2 
< 30,000 D filtrate < 4.2 < 0.2 
< 500 D filtrate < 4.2 < 0.2 
C6/3 May 2001 - - -
C2/2 November 2001 Groundwater < 4.2 < 0.2 
DDSI30 November 200 1 Groundwater < 4.2 < 0.2 
C1I2 January 200 1 Groundwater < 4.2 < 0.2 
DDS130 January 2001 - - -
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Figures 3.7.3. 1 and 3.7.3.2 present the 40K gamma activities for sample C8/2 March 
2000 and show mass balance of the 40K with respect to the total gamma activity 
detected in the groundwater sample. Nine percent of the 40K activity is associated 
with particulates greater than 12 flm, eleven percentage of the 40K activity is 
associated with particulates greater than I flm, and nineteen percent of the 40K activity 
is associated with colloids greater than 30,000 Dalton. Sixty-one percent is associated 
with small colloids or as an ionic form. Therefore the majority of the 40K in this 
groundwater sample is present in small colloids (> 10 nm) or as an ionic form . 
Table 3.7.3 .2 Sample C8/3 March 2000 
Detai ls 
Percentage 
Percentage Error 
Gamma Activity • 
Groundwater 100 24 
< 12 flm filtrate 91 15 
< I flm fi I trate 80 20 
< 30,000 D filtrate 6 1 26 
• Percentage gamma activity with respect to the total gamma activity In the 
groundwater sample. 
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Figure 3.7.3.1 Gamma activity distribution in sample C8/2 March 2000 with respect 
to the total gamma activity in the ground water sample. 
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3.7.4 Activity in the Far Field? 
Following the low levels of activity detected in the groundwater samples, three 
proposals were considered to explain the absence of activity detectable in the far field 
groundwater. The activity may be: 
i) stationary - the radionuclides are retained in the near field, 
ii) delayed - the radionuclides have not yet reached the far field, 
iii) diluted - the radionuclide concentration has been diluted by the 
groundwater flow across the Drigg site. 
If the radionuclides are retained within the near field, i.e. associated with clays, soils, 
and disposed waste their presence in the far field will not be detected at any time. If 
the radionuclides are currently detained within the near field their presence in the far 
field may be detected at some time in the future. Therefore if the stationary and 
delayed proposals are occurring they carmot be easily examined over the period of this 
research project. If the radionuclides have been diluted by the influx of groundwater, 
then they may be present at very low concentration and consequently carmot be 
detected. Evidence supporting the dilution theory is the reduction of tritium activity 
from the near field to the far field and from borehole C6/3 to borehole C8/2 due to 
mixing with the groundwater. 
Therefore to further investigate this latter hypothesis, samples collected after August 
2002 were concentrated by rotary evaporation. A sample collected from borehole 
C6/3 in May 2001 was specifically collected for this investigation. Borehole C6/3 
was selected as it is the far field borehole closest to the waste trenches. It was 
assumed that if diluted activity could not be detected in this borehole it would be 
unlikely to be found in boreholes further away from the waste trenches. After 
concentration the samples were measured for gamma activity. 
Table 3.7.4 shows the gamma activities for the concentrated far field groundwater 
samples. The table displays the results working across the Drigg site from 'above' the 
waste trenches to 'below' the waste trenches with respect to groundwater flow, into 
the tritium pollution plumes. Column 2 shows the concentration factor. As the 
sample was concentrated precipitation occurred. The concentration factor was 
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determined when the addition of mineral acids (no more than 5 cm3) could not re-
dissolve the precipitate. The density of each sample was measured using a specific 
density bottle. The bottle was weighed accurately to 2 decimal places, and the 
groundwater sample added until the level reached the top lip of the bottle. As the 
stopper was placed into the bottle, a small hole through the stopper allowed excess 
sample to escape therefore leaving exactly 25 cm3 (at 25°C) of sample in the specific 
gravity bottle. The bottle was re-weighed, hence the weight of 25 cm3 of sample was 
known, and therefore the density of the sample could be calculated. For all the 
concentrated groundwater samples, the density of each of the samples was found to be 
1.00 g cm·3• For measurements of gamma activity, the sample must be an 
homogeneous solution containing no precipitate to ensure symmetrical counting 
geometry and to reduce the possibility of self-adsorption of gamma photons. 
Columns 3 and 4 detail the gamma activities measured for the concentrated samples. 
Columns 5 and 6 present the activities in the samples after correction for the 
concentration factor. 
Although 40K was detected in the concentrated samples it was not above the minimum 
detectable limit of 4.2 Bq dm·3• Considering the concentrated samples, it may be 
assumed that the 137CS result for sample DDS 130 November 2001 (0.013 Bq dm·\ as 
the 'background' level of 137Cs present in the groundwater before it reaches the waste 
trenches. A sample of Holmrock river water, situated approximately 5 miles from the 
Drigg site, was also examined for a surface water 'background' value (0.004 Bq dm· 
\ The Holmrock result confirms that there are low levels of 137 Cs present in natural 
waters in the Cumbria area This 137Cs may originate from the granite geology of the 
region or deposits from the Chernobyl fall-out which covered the region after the 
disaster 12. The result for sample C1I2 January 2001 (0.031 Bq dm·3), shows an 
increased level of I37 Cs compared to the background possibly suggesting, as with the 
tritium results, some leaching from the waste trenches into borehole C 112. Sample 
C6/3 May 2001 (0.276 Bq dm-3) suggests an increase in the 137Cs concentration below 
the waste trenches in the tritium pollution plume B. Sample C2/2 November (0.029 
Bq dm·3) contains similar 137Cs activity to the C1I2 January 2001 sample from above 
the waste trenches. This may suggest the waste through which the groundwater flows 
into tritium pollution plume A, does not contain as much 137 Cs at that of the 
groundwater flowing through into tritium pollution plume B. The reduced level of 
203 
Drigg Results & Discussion 
137CS in the C2!2 November 2001 sample is not thought to be due to a dilution effect 
as the tritium concentration of bore hole C2!2 is higher than that in borehole C6/3. 
In conclusion, gamma spectrometry of the concentrated groundwater samples detected 
Iow levels of 137CS present. In comparison to the 'background' result, elevated 137CS 
activities were detected in all the samples suggesting leaching of 137 Cs at very low 
concentrations from the waste trenches. Minimal amounts of 411<: were observed in 
the concentrated samples and were all below the minimal detectable limit for the 
gamma detector. 
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Table 3.7.4 Gamma activities for far field groundwater samples after concentration by rotary evaporation .. 
Concentration Gamma Activity Cone. Sample (Bq dm-") Gamma Activity Sample (Bq dm-") 
Sample 
Factor 137Cs 4uK H'CS 4uK 
C8/2 August 2000 7.7 0.43±0.Q7 <4.2 0.055 ± 0.009 -
C8/2 August 2000 -
12.2 0.22 ± 0.06 <4.2 0.018 ± 0.005 -
< 30,000 D filtrate 
C6/3 August 2000 10.3 2.35 ± 0.10 <4.2 0.230 ± 0.009 
-
C6/3 May 2001 36.0 9.93 ± 0.14 <4.2 0.276 ± 0.004 
-
C2/2 November 2001 51.2 1.50 ±0.09 <4.2 0.029 ± 0.002 
-
DDS130 November 2001 27.6 0.37 ±0.07 <4.2 0.013 ± 0.002 -
C1I2 January 2002 33.3 1.03 ± 0.12 <4.2 0.031 ± 0.004 -
River Water 25.9 0.10 ± 0.07 < 11.82 0.004 ± 0.003 < 0.456 
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3.8 Iron Analysis 
To examine the distribution of iron within the samples, ultra-filtration of samples 
C6/3 August 2000, C8/2 August 2000, C1I2 January 2002 and DDS130 January 2002 
was performed. Each sample was filtered sequentially through 12 J.UIl, 1 J.UIl, and 
30,000 Dalton membranes. For the C1I2 January 2002 and DDS130 January 2002 
samples, the 500 Dalton membrane filtration was carried out separately due to 
difficulties with equilibrating the nitrogen pressure through all four filtration cells. 
The filtrates were analysed for iron using either the thiosulfate lab technique or the 
Hanna iron specific meter reagents coupled with the Drigg laboratory 
spectrophotometer. 
The results for the iron analyses on the groundwater and filtrate samples are shown in 
tables 3.8.1 and 3.8.4. and graphically in figures 3.8.1 and 3.8.2. 
The iron present in sample C6/3 August 2000 is typically associated with particles 
smaller than 1.0 J.UIl but larger than 30,000 D. Eighty-eight percent of the iron present 
in the sample passes through the 1.0 !lm membrane, therefore this fraction is 
associated with the colloidal and ionic species. However, only six percent of the iron 
present passes through the 500 D membrane, therefore this fraction is associated with 
small colloids (c.a. < 10 nm) and ionic species. Thus eighty-one percent (c.a. 5.9 mg 
dm·3) of the iron present within in the C6/3 August 2000 groundwater sample is 
associated with the colloidal fraction. 
The iron present in sample C8/2 August 2000 is typically smaller than 12.0 !lm but 
larger than 1.0 J.UIl. However due to the Iow concentration of iron present within the 
sample it is difficult to determine further the distribution of iron. 
For sample C1I2plIL75 eighteen percent of the iron passes through the 1.0 J.UIl 
membrane, therefore eighteen percent of the iron is associated with the colloidal and 
ionic fraction of the sample. It would appear that a larger percentage of iron passed 
through the 500 D membrane than the 1 J.UIl membrane. This anomaly maybe 
explained by the separate filtration of the 500 D filtrate. 
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The iron present in sample C8/2 August 2000 is typically smaller than 12.0 J.lIl1 but 
larger than 1.0 J.lm. However due to the low concentration of iron present within the 
sample it is difficult to determine further the distribution of iron. 
Table 3.8.1 Iron analyses results for sample C6/3 collected August 2000. 
Iron Concentration Percentage of Total 
Sample (mgdm-3) Iron Present 
Groundwater 7.3 ± 0.4 100±6 
< 12.0 J.lIl1 filtrate 7.2±0.1 98 ± 1 
< 1.0 J.lIl1 filtrate 6.4 ± 0.0 88 ± 1 
< 30,000 D filtrate 5.7 ± 0_3 78±4 
< 500 D filtrate 0.5 ± 0.1 6±1 
Figure 3.8.1 Iron distribution in sample C6/3 August 2000. 
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Table 3.S.2 Iron analyses results for sample CS/2 August 2000. 
Iron Concentration Percentage of Total 
Sample (mgdm·3) Iron Present 
Groundwater 0.6 ± 0.1 100 ± 19 
< 12.0 I!m filtrate 0.4 ± 0.0 67± 10 
< 1.0 I!m filtrate <0.2 <33 
< 30,000 D filtrate <0.1 <33 
< 500 D filtrate <0.2 <33 
Table 3.S.3 Iron analyses results for sample C1I2 January 2002. 
Iron Concentration Percentage of Total 
Sample (mgdm·3) Iron Present 
Groundwater 10.2 ± 0.6 100±6 
< 12 I!ffi filtrate 4.5 ± O.S 44±S 
< 1 I!m filtrate I.S ± 0.1 IS ± 1 
30,000 D filtrate 1.2 ± 0.1 11 ± 1 
500 D filtrate 2.0±0.0 20±0 
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Figure 3.8.2 Iron distribution in sample C1I2 January 2002. 
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Table 3.8.4 Iron analyses results for sample DDS130 January 2002. 
Iron Concentration Percentage of Total 
Sample (mgdm-3) Iron Present 
Groundwater 0.7 ±O.O 100 ± 12 
< 12 JlIIl filtrate O.O±O.O 
< 1 JlIIl filtrate O.O±O.O 
30,000 D filtrate o.o±o.o 
500 D filtrate 0.0 ± 0.0 
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CHAPTER FOUR 
LABORATORY RESEARCH: 
THE DISTRIBUTION OF EUROPIUM BETWEEN 
SOLUTION-PHASE AND SOLID-BOUND HUMIC ACID 
ON VARIOUS MINERAL SURFACES 
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4.0 Introduction 
The objective of this part of the research is to develop a better understanding of the 
distribution of a radionuc1ide between a solution phase hwnic substance and a solid 
bound humic substance. Therefore this research is focused on the sorption processes 
within a ternary system i.e. in the presence of a solid phase, a complexing aqueous 
phase and a radionuclide. The foIIowing work examines the sorptive processes in 
such a ternary system. A review of the literature reporting studies on ternary systems 
maybe found in section 1.3.4. 
"" 4.1 Equipment 
Unless otherwise stated the foIIowing pieces of equipment were used. All weighing 
was carried out using a Precisa 12A Balance and sonication of samples was carried 
out using a Decon Ultrasonics Ltd., Decon PSI00 Frequency Sweep Ultrasonic Bath. 
All samples were mixed before equilibration using a Fisons Whirlimixer. Samples 
were equilibrated in a Grant OCS200 thermostatically controlled water bath, 
equilibrated at 25°C. For pH measurements a model nOA pH meter was used with 
either an Orion Combination pH electrode or an Orion Ag/AgCl Sure Flow pH 
electrode. The probe and meter were calibrated before use using a three-point 
calibration procedure with pH buffers of 4, 7, and 10. The pH 4 buffer was a 
phthalate solution, the pH 7 buffer a phosphate solution and the pH 10 buffer was a 
borate solution. All buffers were obtained from Fisher Scientific Ltd, UK. UVNis 
absorbance measurements were made using a Philips PU8700 Series Scanning 
UVNis Spectrophotometer with a 1 cm3 quartz cuvette. For ganuna counting, 
samples were counted on a Packard Cobra 11 Auto-Ganuna counter using polystyrene 
counting tubes (length 75 mm, diameter 10 mm, approx 4 cm3) supplied by Sarstedt~ 
UK. Centrifugation was achieved with a Beckman L8-55M Ultracentrifuge, using a 
60 Ti rotor capable of holding eight 30 cm3 Oak Ridge Polysulfone ultracentrifuge 
tubes, supplied by Nalge Company, UK. Experiments were conducted in Antistatic 
Polyethene Scintillation vials (20 cm3) that had been pre-washed with approx. 1 mol 
dm'3 HCl (Fisher Scientific Ltd. UK) and washed with 18 MQ deionised water, from 
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a Nanopure Ultra-Pure water system. All solutions were prepared using 18 MQ 
deionised water. 
4.2 Materials 
4.2.1 Humic Acid 
Humic acid was supplied by Aldrich, U.K., in the form of Technical Grade Sodium 
Humate. The humic acid used has been previously characterised by King et al. 557. 
Table 4.2.1. shows the elemental analyses of the humic acid. Before use the sodium 
humate was purified and a stock solution prepared as outlined below. 
Table 4.2.1 Analyses of Aldrich sodium humate. Values ofC, H, N, 0, and S are 
in weight percentages, Na to U are in mg g-I and COOH (carboxylate) 
and LCOOH and PhOH (phenol) are meq g-1603. 
Constituents Aldrich Sodium Humate 
C 55.2 
H 4.5 
N 0.3 
0 37.6 
S 2.3 
Na 270 
K -
Ca 31.7 
Mg 5.6 
AI 35 
Si 15 
Fe 360 
Co 0.3 
Ce 4.1 
Eu 0.2 
Th 1.5 
U 0.2 
COOH 5.4 ± 0.2 
LCOOH+PhOH 7.1 ± 0.7 
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4.2.1.1 Purification 
Aldrich sodium humate (2 g) was dissolved in I dml of de-ionised water with 
approximately 4 cml I mol dm·3 sodium hydroxide. The solution was sonicated for 
an extended period (ca. 24 hours) to ensure the sodium humate had completely 
dissolved. The pH of the solution was then lowered below pH I using approximately 
10 cml of concentrated hydrochloric acid (approx. 16 mol dm·l ). The solution was 
left overnight to allow the humate to precipitate. A large proportion of the solution 
was removed by decanting. The solid was finally isolated by filtration under vacuum, 
using a 0.45 J.lm cellulose nitrate membrane. The solid was then dried in a dessicator. 
This process was repeated twice. To wash the purified humic acid, the solid was 
placed on a 0.45 J.lm cellulose nitrate membrane and washed thoroughly with de-
ionised water. The solid was then dried in a dessicator. 
4.2.1.2 Preparation of Humic Acid Solutions 
All humic solutions were prepared with purified Aldrich sodium humate. A 1000 mg 
dm·l humic acid stock solution was prepared by adding 0.50 g of purified Aldrich 
sodium humate to approx. 400 cml of buffer solution (PH 6) and sonicating/shaking to 
dissolve. Where necessary concentrated NaOH solution (c.a. ID mol dm·l : Fisher 
Scientific Ltd., UK), was added drop-wise to aid dissolution. The humic acid solution 
was pH adjusted to approx. pH 6 using a minimum volume of either NaOH or HCl 
(Fisher Scientific Ltd., UK). The stock solution was then made up to 500 cml with 
buffer solution. From this 1000 mg dm·l humic acid stock solution, dilutions were 
made to produce solutions with humic acid concentrations with a range between 2 and 
300 mg dm·l • The solutions were also prepared in buffer solution at pH 6. Before the 
solutions were made to the required volume the pH of the solutions were checked and 
adjusted where necessary to pH 6.0 using minimum volume of either NaOH or HCt 
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4.2.1.3 Quantitative Analysis of Solution Phase Humic Acid 
It was shown that purified Aldrich humic acid obeys the Beer - Lambert law at 350 
run over a concentration range of 2 to 60 mg dm·3• Over this range the absorbance 
measurements ranged between 0.03 to 0.87 absorbance units and displayed a linear 
relationship. Samples where the humic acid concentration was above 60 mg dm·3 
were diluted to achieve a concentration that would be within the linear absorbance 
range. This allowed the determination of humic acid concentration for 'unknown' 
experimental samples. This was achieved by the construction of a calibration graph. 
For all sorption experiments a calibration graph was constructed from humic acid 
control samples. Theses samples were subjected to the same experimental conditions 
and procedures as the sorption samples but no solid was present. A calibration graph 
was constructed for each set of sorption experiments. An example of a humic acid 
calibration graph is shown in figure 4.2.1.3 below. 
Figure 4.2.1.3 An example of a purified Aldrich humic acid calibration graph. 
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It has been shown that humic acid absorbance measurements are affected by pH and 
ionic strength 37, however all sorption experiments were carried out at a fixed pH of 6. 
This pH was selected as it is close to the pH of natural waters. 
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4.2.2 Minerals 
4.2.2.1 Sand (BDH Sand) 
Sand was supplied by BDH as 50 - 150 mesh acid washed sand. Work by Fairhurst 
characterised the sand as having a grain diameter of 0.1 to 0.3 mm, BET surface area 
of 0.37 m2 g"! and a CEC of 0.12 meqllOO g 37. The major and minor trace elements 
for BDH sand are given in Table 4.2.2.1 37. 
4.2.2.2 Montmorillonite 
Montmorillonite was supplied by Aldrich, UK, as Montmorillonite KIO. 
Montmorillonite is a 2: I mineral and is described as a hydrous aluminosilicate 
containing small amounts of alkali and alkali earth metals" Structurally, 
montmorillonite consists of two basic building blocks, the silica tetrahedral sheet and 
the aluminium octahedral sheet. A single montmorillonite unit cell consists of two 
silica tetrahedral sheets, between an aluminium octahedral sheet. The 
montmorillonite lattice is negatively charge, primarily due to isomorphic replacement 
of ions within the structure. The negative charge is balance by the presence of weakly 
held base cations (usually sodium or calcium) in the interiayer spacing, which also 
serve to hold adjacent layers together 40. Therefore montmorillonite can adsorb water 
readily into the interiayer spacing. This means that montmorillonite expands when 
wet and contracts when dry, and that the interiayer cations are relatively labile, so 
they may be displaced by excess of another suitable cation in solution 558. The major 
and minor trace elements of montmorillonite characterised by Fairhurst are given in 
Table 4.2.2.1 37. The BET surface area is 267 m2 g"! CEC has been detern1ined as 
0.54 meq/l00g as detailed by Fairhurst 37. The major and minor trace elements for 
montmorillonite are given in Table 4.2.2.1 37. 
4.1.2.3 Kaolin 
Kaolin (correctly termed kaolinite) was supplied by Aldrich, UK. Kaolin theoretically 
consists of 39.8% aluminium oxide and 46.3% silicon dioxide with a loss on ignition 
of 13.9% 37 Kaolin is a 1:1 type mineral with layers containing one silicon 
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tetrahedral sheet and one gibbsite sheet, but with the apical oxygens of the silicon 
sheet replacing hydroxyls of the gibbsite sheet. It has a structural sub-unit formula 
2[AhSh05(OH)4], which is obtained by combining two shol units with two 
Ah(OH)6 units with the loss of two hydroxyls from each Ah(OH)6 unit. The other 
hydroxyls of the gibbsite sheet are strongly hydrogen bonded to the outer oxygen's of 
the silicon tetrahedral sheet in the adjacent layer, giving a rigid, non-expanding 
structure of high stability 558. Kaolin is very widespread in occurrence, since it is a 
stable decomposition product of weathering of granites or gneiss. The major and 
minor trace elements of kaolin characterised by Fairhurst are given in Table 4.2.2.1 37. 
The BET surface area is 10.88 m2 g.t CEC has been determined as 5.2 meq/l00g as 
detailed by Fairhurst 37. The major and minor trace elements for kaolin are given in 
Table 4.2.2.1 37. 
Notes for Table 4.2.2.1. 
All oxide figures are in percentage weight 
a Fe203, total iron expressed as Fe203 
b LOI (Loss On Ignition) 1 hour at 1050 °C 
C as percentage weight 
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Table 4.2.2.1 The major and minor trace elements ofBDH sand, montmorillonite 
and kaolin 37. 
Major Element Data 
Sample BDHSand MontmoriUonite Kaolin 
Si02 98.97 72.66 47.54 
Ti02 0.02 0.42 002 
Ah0 3 0.00 13.88 36.74 
Fe203a 0.02 2.71 061 
MoO 0.00 0.01 000 
M1I.O 0.00 1.70 018 
CaO 0.02 035 006 
Na20 0.06 0.26 0.29 
K20 0.00 1.29 1.51 
P2O, 0.04 004 0.22 
LOI" 0.00 6.74 12.32 
Total 99.13 100.06 99.49 
Minor Element Data 
Fe <005 0.06 0.016 
Se 3 4 I 
V <I 40 2 
Cr 15 44 9 
Co <I 5 5 
Ni <I 7 5 
Cu <I 2 18 
Zn 1 18 25 
Ga <1 19 51 
As <1 5 9 
Rb <1 52 136 
Sr 2 24 106 
Y 1 10 29 
Zr 28 266 87 
Nb 1 25 14 
Mo <1 1 <1 
Ag <1 <1 <1 
Cd 1 1 2 
Sn <1 8 24 
Sb <1 1 1 
Cs 5 2 32 
Ba 5 225 129 
La 2 16 23 
Ce 2 16 63 
Nd <1 30 29 
Srn 2 3 12 
Hf 1 10 4 
Ta <1 2 4 
W <1 2 5 
Pb <1 5 13 
Bi <1 <1 23 
Tb <1 7 22 
U 1 2 9 
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4.2.2.4 Drigg Sand 
Drigg sand was supplied by BNFL and was collected from a non-active trench on the 
Drigg site. The sand consists of glacial sand primarily consisting of quartz 37. It may 
also contain low concentrations of feldspars, kaolinite, micas and chlorites 126. 552. 559. 
Analysis detailed by Fairhurst found an average particle size of 0.118 mm (cr = 1.7) 
and a BET surface area was 1.83 m2 g.1 for the entire sand sample 37. The CEC was 
determined as 2.8 meq/lOOg and a total organic content of 12 % 37. XRF analysis for 
the major ions gave the following results in table 4.2.2.2. 
Table 4.2.2.2. Major element content of Drigg sand. 
Major Ion Oxide Percentage WeightlWeight 
Si02 89.77 
Ah0 3 4.77 
Ti02 0.23 
Fe203 0.86 
MgO 0.28 
CaO 0.17 
Na20 0.36 
K20 1.77 
MnO 0.02 
P205 0.05 
Due to the varied particle size of a natural sample, the Drigg sand was sieved to 
achieve a particle size of 212 - 1000 J.Ull. The presence of organic matter made 
sorption studies difficult with humic acid; therefore a method was developed to wash 
the sand with concentrated NaOH and water before use (see section 4.4). The BET 
surface area for the 'clean' fraction of sieved Drigg sand was found to be < 1 m2 g.l. 
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4.2.3 Europium 
Europium chloride was supplied by Aldrich, UK. Europium-152 chloride was 
supplied by Amersham, UK. Dilutions from the 37 MBq stock provided experimental 
stock solutions giving fInal gamma counts of approximately 1000 c.p.s. in each of the 
sorption experiment samples. As europium-152 has a half-life of 4933 ± 11 days, 
decay correction was not required over the comparatively short experimental period. 
All europium solutions were prepared in the buffer solution. 
4.2.4 Buffer Solution 
MES ((2-[N-morpholino]ethanesulfonic acid» was selected as a buffer to maintain the 
pH of the experimental systems at 6. MES has been used for similar studies 41 and 
has a buffer range of between pH 4.5 and 7.0. The sorption studies were carried out at 
pH 6, as this pH is comparable to natural aquifer systems including the Drigg far fIeld. 
It is important to maintain the pH of the experimental system as changes may affect 
the sorption properties of the absorptives and adsorbents therefore making the system 
difficult to model. An appropriate MES concentration of 0.1 mol dm·l was selected 
(see section 4.3.2). Stock solutions of 2 dml were prepared by dissolving 42.626 g of 
MES in approx. 1.9 dml • The pH of the MES solutions was adjusted using minimal 
volumes ofNaOH and Hel, (typical 8 cml 10 mol dm-l NaOH). UVNis absorbance 
scans showed a peak attributed to the MES at approx 250 nm which coincides with 
the common peak used for humic acid quantifIcation. For this reason the absorbance 
measurements used to determine the humic acid concentration were made at 350 nm. 
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4.3 Preliminary Experiments 
4.3.1 Methods of Separating Humic Acid from Inorganic Solids 
The complete separation of an aqueous phase from a solid phase is important in this 
study. Two principal methods used for the separation of aqueous humic acid from 
solid phase were ultracentrifugation and filtration. 
Studies have shown that both centrifugation and filtration are suitable methods for 
separation humic acid from inorganic solids 37. However each experimental system 
should be examined to ensure that the separation method allows for quantitative 
separation of the aqueous humic acid from the solid phase. 
The following experiments were used to examined the suitability of either 
centrifugation or filtration as a method for separating humic acid from inorganic 
solids in batch sorption studies. 
4.3.1.1 Procedure 
Buffer solution (20 cm3) was contacted with montmorillonite, kaolin and BDH sand 
(0.1 g). Six sets of samples were prepared in duplicate and left for 7 days. Each set 
of samples was then subjected to either filtration using a 0.25 !-lm or 0.45 I!ffi syringe 
filter, or centrifugation for 1 hour at either 5,000 rpm, 10,000 rpm, 20,000 rpm or 
30,000 rpm. The filtration procedure is outlined below. For the centrifugation 
samples a 10 cm3 aliquot was weighed into the centrifuge tubes. After the separation 
techniques had been applied, the absorbance at 350 mn was measured for each 
sample. The buffer solution was used as a baseline for the absorbance measurements. 
Sets of humic acid solutions of 10 mg dm·3, 100 mg dm·3 and 300 mg dm·3 were 
subjected either to filtration using a 0.25 !-lm syringe filter, or centrifugation for 1 hour 
at either 5,000 rpm, 10,000 rpm, 20,000 rpm or 30,000 rpm. The filtration procedure 
is outlined below. For the centrifugation samples a 10 cm3 aliquot was weighed into 
the centrifuge tubes. Humic acid control samples were also prepared but a separation 
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technique was not applied. After the separation techniques had been applied the 
absorbance at 350 nm was measured for each sample. The buffer solution was used 
as a baseline for the absorbance measurements. 
Filtration Procedure 
The filtration procedure detailed below was applied to all filtrations of samples. 
Approximately 1 cm3 of sample was drawn into a 1 cm3 plastic syringe, a 
polysulfonide (PSE) Acrodisc (Whatman / Millipore) syringe filter was connected and 
the solution expelled to rinse the filter and a UV Nis. quartz 1 cm3 cuvette. A 1 cm3 
sample was then filtered and used for the absorbance measurement. 
4.3.1.2 Results and Conclusions 
Table 4.3.1.1 summarises the absorbance measurements for the buffer solutions 
contacted with the inorganic solids after the application of the various separation 
techniques. The results show that both filtration and centrifugation reduces the 
amount of solid measured in the solution phase by absorbance measurements. The 
absorbance values measured may be attributed to the presence of colloids formed 
from the solid phase which remain in the solution phase after filtration / 
centrifugation. For the centrifugation samples the amount of solid removed generally 
increases as the rpm increases, with a rpm of 20,000 reducing the solid present to the 
greatest extent. However, filtration removes the amount of solid further, with the 0.2 
J.lIIl filter removing the solid to the highest degree. 
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Table 4.3.1.1 The absorbance measurements for the buffer solution contacted with 
either montmoriIlonite, kaolin or BDH sand after the application of the 
various separation techniques. 
Separation Absorbance Measurements at 350 nm 
Technique MontmoriIlonite Kaolin BHD Sand 
No Separation <3 <3 -
0.2 Ilm Filter 0.002 0.007 0.001 
0.45 Ilm Filter 0.004 0.007 0.004 
5,000 rpm 0.060 0.073 0.009 
10,000 rpm 0.035 0.026 0.012 
20,000 rpm 0.027 0.022 0.012 
30,000 rpm 0.047 0.030 0.013 
Table 4.3.1.2 summarises the absorbance measurements for the selected hnmic acid 
solutions after the application of the various separation techniques. The results show 
that there is a reduction in the absorbance measurements after the various separation 
techniques have been applied to the humic acid solutions. For the centrifugation 
samples there was an average 14 percent reduction in absorbance measurements 
compared to the control humic acid solutions. For the filtered samples there was an 
average 15 percent reduction in the absorbance measurements compared to the humic 
acid control solutions. For all the separation techniques the method was reproducible. 
Although both centrifugation and filtration proved to be suitable techniques for the 
separation of inorganic solids from a solution phase, filtration was the preferred 
technique. Filtration allowed good separation with the advantage of being easy and 
qnick to apply. Given the results, filtration using a 0.2 Ilm syringe filter was selected 
as an appropriate separation technique. The filter removed the greatest amount of 
solid phase and the loss of humic acid on the filter was reproducible. 
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Table4.3.1.2 The absorbance measurements for the 10 mg dm·3, 100 mg dm·3 and 
300 mg dm·3 humic acid solutions the application of the various 
separation techniques. 
Separation Absorbance Measurements at 350 nm 
Technique 10 mg dm-' 100 mg dm-' 300mgdm-' 
No Separation 0.148 1.635 4.377 
0.2 Ilm Filter 0.123 1.471 3.639 
5,000 rpm 0.133 1.579 3.805 
10,000 rpm 0.131 1.508 3.811 
20,000 rpm 0.133 1.513 3.702 
30,000 rpm 0.131 1.506 3.726 
4.3.2 Effect of Humic Acid I Inorganic Solids on Solution Phase pH. 
As noted previously, it is important to ensure that the pH of the experimental system 
under examination remains constant during the experimental period. Changes during 
the experiment may affect the sorption properties of the adsorbent therefore making 
the system difficult to model. Scoping experiments showed that the pH of the 
solution phase drifted in contact with the solid phases, especially with 
montmorilIonite. The presence of humic acid in the system may also affect the pH 
due to the buffering nature of humic acid. 
4.3.2.1 Procedure 
A range ofMES solutions (0.05, 0.1, 0.125,0.15 and 0.2 mol dm-3) were prepared at 
pH 6 and a 20 cm3 sample contacted with 0.25 g montmorilIonite. The samples were 
mixed and the pHs measured. After an equilibration period (12 hours) the pHs were 
re-measured. 
223 
Ternary Systems 
4.3.2.2 Results and Conclusions 
Table 4.3.2.1 shows the initial pH measurements of buffer, solid and humate systems 
at various buffer concentrations. The presence of either the solid or the humic acid 
individually appears to slightly increase the pH of the solution phase at the MES 
concentrations examined. However the combination of the solid and humic acid has 
the affect of decreasing the pH of the solution phase at the om, 0.05, and 0.1 mol dm-
3 MES concentrations, but has little effect on the 0.125, 0.15 and 0.2 mol dm·3 MES 
concentrations. Table 4.3.2.1 also shows pH measurements of buffer, solid and 
humate systems at various buffer concentrations after a 12 hour contact period. Apart 
from the 0.1 mol dm·3 MES solutions contacted with the solid, in which the pH 
decreases, the presence of either the solid or the humate individually appears to 
increase the pH of the solution phase at the MES concentrations examined. The 
combination of the solid and humic acid has the affect of decreasing the pH of the 
solution phase at the om, 0.05, and 0.1 mol dm·3 MES concentrations. Compared to 
the initial pH measurements the pH values have drifted slightly for the 0.125, 0.15 and 
0.2 mol dm-3 MES samples. 
From these results a buffer concentration of 0.1 mol dm·3 MES was selected. 
Although some pH variation had been observed at this buffer concentration it was 
considered acceptable with the desirability of keeping the buffer concentration as low 
as possible. 
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Table 4.3.2. Pre-equilibration and post -equilibration pH measurements of buffer 
and solids system, buffer and humic acid systems and buffer, solid and 
humic acid systems in the presence of various buffer concentrations. 
MES Cone. pH of buffer and pH of buffer and humic pH of buffer, solid and 
(mol dm-3) solid system acid system humic acid system 
Pre-Equil. Post -Equil. Pre-Equil. Post-Equil. Pre-Equil. Post-Equil. 
0.01 
- - - -
5.71 5.65 
0_05 
- - - - 5.95 5.82 
0.1 6.03 5.98 6.07 6.05 5.76 5.72 
0.125 
- - - -
5.99 5.97 
0.15 - - - - 5.97 5.97 
0.2 6.11 6.07 6.15 6.11 5.98 5.92 
4.3.3 Preliminary Experiments - Conclusions 
From section 4.3.1, the preliminary experiments showed that both filtration and 
centrifugation were suitable methods for the separation of humic acid from the 
selected inorganic solids_ There was some removal of humic acid by the filtration 
method but this was reproducible and quantifiable. Centrifugation was time 
consuming and did not appear to remove the solid phase from the solution phase to 
the same extent as the filtration technique. The remaining 'solid phase' may be due to 
inorganic colloids produced from the solid during the experimental period. Therefore 
for further experiments, filtration was used due to its simplicity, quickness and 
improved separation of the solid and solution phases. 
From section 4.3.2, the preliminary experiments showed that a buffer concentration of 
0.1 mol dm-3 MES was appropriate to maintain the pH of the system and to keep the 
buffer concentration to the minimum required to achieve a constant pH. Therefore all 
solutions were prepared in 0.1 mol dm-3 MES at pH 6. 
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4.4 Kinetic Studies 
Preliminary investigations were undertaken to detennine the minimum equilibration 
period for the sorption of humic acid on the selected inorganic solids. 
4.4.1 Preliminary Investigation into Humic Acid Sorption and Equilibration 
Periods 
4.4.1.1 Procedure 
Humic acid solutions of 10 mg dm·3 and 300 mg dm·3 of volume 20 cm3 were 
contacted with 0.1 g of either montmorillonite, kaolin, BDH sand or Drigg sand. 
Prior to use the sieved fraction (212 -100 Illll) of Drigg sand was washed in tap water 
and dried in an oven (ca. 100°C). The samples were mixed and equilibrated for 
periods of either 24 hours, 48 hours, 3 days, 5 days, 7 days or 14 days. Control 
samples were prepared by contacting the buffer solution with the selected solids, and 
samples containing the humic acid solutions only. After the equilibration period the 
pHs were measured. The samples were then filtered and their DV absorbance 
measured at 350 nm. The buffer solution was used as a baseline for the absorbance 
measurements. 
4.4.1.2 Results and Conclusions 
Table 4.4.1.1 shows the pH measurements for the 10 mg dm·3 and 300 mg dm·3 humic 
acid control solutions and the 10 mg dm·3 and 300 mg dm·3 humic acid solutions 
contacted with the selected inorganic solids. The pH values remain constant for all 
solutions and solids over the various equilibration periods within experimental error. 
Table 4.4.1.2 shows the sorption results for the 10 mg dm·3 and 300 mg dm·3 humic 
acid solutions contacted with the selected inorganic solids over the various 
equilibration periods. The results are presented with respect to the humic acid control 
solutions, assuming that there is no sorption within these samples. There is no 
decreasing trend for the 10 mg dm·3 humic acid solutions contacted with BDH sand to 
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suggest sorption of humic acid. For the 300 mg dm·3 humic acid solution contacted 
with BDH sand, there is a minimal amount of sorption observed after the 7 day and 14 
day equilibration periods. The montmorillonite samples show that equilibration has 
been reached after 24 hours. The kaolin samples show that equilibration has been 
reached after 7 days. For the Drigg sand samples there is an apparent increase in 
humic acid concentration for the 10 mg dm·3 humic acid solutions. For the 300 mg 
dm·3 humic acid solutions some sorption is observed for the 14 day equilibration 
period. Since minimal humic acid sorption was observed for the BDH and Drigg 
sand, an experiment was designed to further examine humic acid sorption and 
equilibration periods. 
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Table 4.4.1.1 The pH measurements for the 10 mg dm·3 and 300 mg dm·3 humic acid solutions contacted with the selected inorganic solids over 
the various equilibration periods. 
Humic acid Cone. 
Solid (mg dm·3) 24 Hours 48 Hours 4 Days 7 Days 14 Days 
10 5.97 5.95 5.98 5.99 6.05 
Blank 
300 5.98 5.96 5.97 5.99 6.04 
10 
Sand 
5.98 
-
5.98 6.02 6.02 6.05 
300 5.98 5.97 5.96 5.98 6.03 
10 5.94 5.95 5.94 5.97 6.01 
MontmorilIonite 
300 5.98 5.94 5.96 5.97 6.03 
10 5.96 6.00 6.00 6.00 6.05 
Kaolin 
300 5.95 5.97 6.00 5.99 6.06 
10 5.97 5.96 6.00 5.99 6.06 
Drigg Sand 
300 5.97 5.97 6.01 5.99 606 
Table 4.4.1.2 The sorption results for the 10 mg dm·3 and 300 mg dm·3 humic acid solutions contacted with the selected inorganic solids over the 
various equilibration periods. 
Humic acid Cone. Humic Acid Cone. with respect to Humic Acid Std. Absorbance Results (mg dm·3) 
Solid (mgdm·3) 24 Hours 48 Hours 4 Days 7 Days 14 Days 
10 10 10 10 10 10 
Blank 
300 300 300 300 300 300 
10 9.6 10.5 9.7 10.0 10.6 
Sand 
300 298.0 309.1 301.7 298.3 293.5 
10 4.3 3.8 4.1 4.0 5.0 
Montmorillonite 
300 270.6 280.9 274.5 272.7 270.8 
10 4.3 4.0 3.4 2.4 2.4 
Kaolin 
300 290.2 299.4 292.3 285.5 281.9 
10 9.8 10.3 10.0 9.9 10.4 
Drigg Sand 
300 298.7 307.5 299.8 297.7 288.6 
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4.4.2 Further Examination of Humic Acid Sorption to BDH Sand and Drigg 
Sand 
4.4.2.1 Procedure 
Experiments were performed as described above with the additional solid weights of 
0.5, 1.0, 1.5,2.0 and 5.0 g for both BDH sand and Drigg sand. 
4.4.2.2 Results and Conclusions 
Table 4.4.2.1 shows the pH measurements for the 10 mg dm-3 and 300 mg dm-3 humic 
acid control solutions and the 10 mg dm-3 and 300 mg dm-3 humic acid solutions 
contacted with various weights of either BDH sand or Drigg sand over the selected 
equilibration periods. The pH measurements remain constant for all solutions over 
the selected equilibration periods within experimental error. 
Table 4.4.2.2 shows the sorption results for the 10 mg dm-3 and 300 mg dm-3 humic 
acid control solutions and the 10 mg dm-3 and 300 mg dm-3 humic acid solutions 
contacted with various weights of either BDH sand or Drigg sand over the selected 
equilibration periods. Again the results are presented with respect to the humic acid 
control solutions. Sorption was not observed for the BDH sand samples apart for the 
10 mg dm-3 humic acid solution contacted with 2.0 g of solid and the 10 mg dm-3 and 
300 mg dm-3 humic acid solutions contacted with 5.0 g of solid. For the 5.0 g 
samples, equilibration is reached after 7 days and shows 25 percent humic acid 
sorption for the 10 mg dm-3 solutions and 3 percent humic acid sorption for the 300 
mg dm-3 solutions. However the percentage of humic acid sorbed to the solid is 
comparatively Iow compared to the montrnorillonite and kaolin samples, therefore 
sorption studies were not continued with BDH sand. For the Drigg sand samples, 
sorption of the 300 mg dm-3 humic acid solution occurs for all the solid weights and 
equilibration is reached after 4 days. However for the 10 mg dm-3 humic acid 
samples, there appears to be an increase in the humic acid concentration after contact 
with the Drigg sand. To examine the phenomenon further, a UVNis absorbance scan 
(190 to 900 nm) was conducted of a humic acid control solution, a BDH sand 
contacted humic acid samples, and a Drigg sand contacted humic acid sample. 
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Table 4.4.2.1 The pH measurements for the 10 mg dm·3 and 300 mg dm·3 humic acid 
control solutions and the 10 mg dm°3 and 300 mg dm°3 humic acid 
solutions contacted with various weights of either BDH sand or Drigg 
sand over the selected equilibration periods. 
Solid Solid Wt. Humic acid 24 Hours 48 Hours 4 Days 7 Days 14 Days 
10 mg dm°j 6.02 6.00 6.01 5.99 5.99 
BLANK -
300mgdm·' 6.06 6.02 6.02 6.01 6.01 
10mgdm°' 6.03 6.01 6.00 5.98 5.98 
0.5g 
300 mg dm·' 6.04 6.03 6.01 5.99 6.00 
lOmgdm°' 6.02 6.02 6.00 5.99 5.99 
1.0 g 
300 mg dm°" 6.02 6.03 6.02 6.00 6.01 
~ 10mgdm°' 6.01 6.01 6.00 5.98 5.99 l.5g 300mgdm°' 6.03 6.02 6.02 5.99 6.00 U:l 
10mgdm°j 6.01 6.00 6.01 5.98 5.99 
2.0g 
300mgdm°' 6.03 6.03 6.03 5.99 6.01 
10mgdm°' 6.03 6.00 6.04 6.02 5.99 
5.0g 
300mgdm°" 6.07 6.04 6.07 6.05 6.03 
10mgdm°j 6.02 6.00 6.01 5.98 5.99 
0.5 g 
300mgdm°' 6.04 6.02 6.02 5.98 6.01 
10 mg dm°" 6.01 6.00 6.01 5.97 5.98 
1.0 g 
Cl 300 mg dm°
j 6.03 6.02 6.03 5.99 6.01 
~ 10mgdm°' 6.01 5.98 6.02 5.97 5.99 U:l 1.5 g 
" 
300mgdm°j 
" 
6.04 6.01 6.03 6.00 6.01 
~ IOmgdm°j 6.01 5.99 6.02 5.97 5.99 Cl 2.0 g 
300mgdm°' 6.03 6.02 6.04 6.00 6.02 
IOmgdm°" 6.06 6.01 6.03 6.01 6.00 
5.0 g 
300mgdm°j 6.11 6.06 6.06 6.05 6.03 
The spectra for the Drigg sand contacted humic acid samples were similar but not 
identical when compared to the spectrum for the humic acid control solution. Figures 
4.4.2.1 to 4.4.2.3 show the UVNis absorbance spectra for the three samples. 
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Although the MES buffer absorbance peak may mask the humic acid peak the shape 
of the spectrum, particularly at higher wavelengths, is typical of humic substances. 
This coupled with the apparent increase in humic acid concentration for the 10 mg 
dm·3 humic acid solutions contacted with the Drigg sand suggests the leaching of a 
humic substance from the Drigg sand. This maybe expected when considering the 
analyses by Fairhurst detailing the presence of 12 percent Total Organic Carbon 
content within the complete Drigg sand sample 37. It is not expected that the leached 
humic substance would be identical to the Aldrich humic acid, as humic acid's differs 
in structure and properties depending on their origin. 
An apparent increase in humic acid concentration was not observed for the 300 mg 
dm·3 humic acid solution as the amount of humic acid added to the Drigg sand was in 
excess compared to the amount of humic substance leaching from the Drigg sand. 
Therefore before the Drigg sand could be used for humic acid sorption studies either 
the humic substance must be removed from the Drigg sand or the amount of humic 
substance leached must be quantifiable. 
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Table 4.4.2.2 The sorption results for the 10 rng dm·3 and 300 rng dm·3 humic acid 
control solutions and the 10 mg dm·3 and 300 mg dm-3 humic acid 
solutions contacted with various weights of either BDH sand or Drigg 
sand over the selected equilibration periods. 
Humic Acid Cone. w.r.t. Humic Acid std. Abs. (mg dm-3) 
Solid Solid Wt. Humic Acid 
24 Hours 48 Hours 4 Days 7 Days 14 Days 
10mgdm-' 10 10 10 10 10 
BLANK -
300mgdm-' 300 300 300 300 300 
10mgdm-' 9.9 9.9 9.7 10.1 10.3 
0.5 g 
300 rng dm-' 298.4 297.5 298.4 299.2 303.3 
IOrng dm-J 9.8 9.6 9.6 9.7 9.9 
1.0 g 
300 mg dm-' 300.8 297.5 295.2 301.2 302.2 
Cl 
~ 10 mg dm-' 9.9 9.4 9.3 10.5 9.5 
en 1.5 g 
300 mg dm-J ::r: 299.0 295.7 294.7 301.0 301.8 
Cl 
.0 10mgdm-' 9.5 9.5 9.5 9.8 9.2 
2.0g 
300 mg dm-' 297.5 294.1 296.2 297.5 303.3 
IOmgdm-J 9.1 8.3 9.3 7.5 7.4 
5.0 g 
300 mg dm-J 294.4 304.7 296.2 293.3 281.2 
10mgdm-' 10.7 10.8 10.8 10.9 10.6 
0.5 g 
300mgdm-J 292.5 281.6 287.0 287.1 291.0 
10mgdm-J 11.3 11.3 11.2 11.5 11.3 
1.0 g 
Cl 300mgdm-3 284.3 281.7 274.5 274.7 278.0 
~ 10mgdm-J 11.6 11.5 11.6 11.7 11.9 en 1.5 g 0 300mgdm-J 270.0 291.9 263.6 253.5 273.2 0 
~ 10mgdm-3 11.9 12.0 11.6 11.7 12.2 Cl 2.0g 
300mgdm-J 263.4 254.2 236.2 222.4 228.3 
10 mg dm-' 16.4 16.2 17.9 16.4 18.1 
5.0 g 
300mgdm-' 253.0 250.3 231.1 245.4 209.4 
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Figure 4.4.1 UV Nis absorbance spectrums for a humic acid control solution. 
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Figure 4.4.3 UVNis absorbance spectra for a humic acid solution contacted with 
Drigg sand. 
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The following experiment was designed to examine further the leached humic 
substance from the Drigg sand. 
4.4.3 Examination of Leached Humic Substance from Drigg Sand 
4.4.3.1 Procedure 
Buffer solution (20 cm3) was contacted with selected weights of Drigg sand (0.5, 1.0, 
1.5, and 2.0 g). The samples were mixed and equilibrated for periods of24 hours, 48 
hours, 4 days, 7 days, and 14 days. After equilibration the pH and the absorbance at 
350 nm was measured for each sample. The buffer solution was used as a baseline for 
the absorbance measurements. 
4.4.3.2 Results and Conclusions 
Table 4.4.3.1 shows the pH measurements for the buffer solution contacted with the 
selected weights of Drigg sand over the various equilibration periods. No pH 
variation was observed within experimental error. 
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Table 4.4.3.1 The pH measurements for the buffer solution contacted with the 
selected weights ofDrigg sand over the various equilibration periods. 
E-< Solid Wt. 24 Hours 48 Hours 4 Days 7 Days 14 Days 
ffi Blank 5.98 5.92 
:::s 
5.93 5.92 5.95 
...... 0.5 g 5.97 5.85 5.92 5.90 5.94 ~ 
<Zl l.Og 5.97 5.86 5.92 5.90 5.94 0 
0 1.5g 5.97 5.86 5.92 5.90 5.94 ca 
Cl 2.0g 5.97 5.90 5.92 5.90 5.95 
A UVlVis absorbance scan (190 to 900 mn) shown in figure 4.4.3.1 confirms that the 
leached substance is a humic-type substance. Although the MES buffer absorbance 
peak masks the leached substance peak:, the shape of the trace particularly at higher 
wavelengths suggests a humic substance. 
Figure 4.4.3.1 UVlVis absorbance scan showing leached humic substance from the 
Drigg sand. 
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Table 4.4.3.2 shows the absorbance measurements for the buffer solution contacted 
with the selected weights of Drigg sand over the various equilibration periods. 
Figures 4.4.3.2 to 4.4.3.5 show for each Drigg sand weight, the relationship between 
the amount ofleached humic substance against time. The graphs demonstrate that the 
leaching is kinetica1ly controlled. Each Drigg sand weight shows a similar trend of an 
increasing amount of humic substance leached over the 0 to 4 days equilibration 
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period, with a plateau reached between the 4 to 14 days equilibration periods. The 
plateau region signifies a constant amount ofleached humic substance from the Drigg 
sand. This suggests the possibility of quantifying the amount of humic substance 
leached from the Drigg sand. Figures' 4.4.3.6 to 4.4.3.10 show the relationship 
between the weight of Drigg sand used and the amount of humic substance leached 
after each equilibration period. The graphs display a linear relationship between the 
amount ofDrigg sand used and the amount of humic substance leached. 
Table 4.4.3.2 The absorbance measurements for the buffer solution contacted with 
the selected weights of Drigg sand over the various equilibration 
periods. 
Solid Wt. 24 Hours 48 Hours 4 Days 7 Days 14 Days 
~ 0.5 g 0.016 0.017 0.020 0.024 0.023 
IZl 
0 1.0 g 0.024 0.030 0.037 0.039 0.042 
0 
~ 1.5 g 0.033 0.043 0.048 0.055 0.057 
Cl 
2.0g 0.040 0.050 0.057 0.063 0.067 
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Figure 4.4.3.2 The leaching of a Humic substance into buffer 
solution from 0.5 g of Drigg sand. 
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Figure 4.4.3.4 The leaching of a Humic substance into buffer 
solution from 1.5 g ofDrigg sand. 
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Figure 4.4.3.3 The leaching of a Humic substance into buffer 
solution from 1.0 g of Drigg sand. 
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Figure 4.4.3.5 The leaching ofa Humic substance into buffer 
solution from 2.0 g ofDrigg sand. 
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Figure 4.4.3.6 Relationship between the amount ofDrigg sand 
used and absorbance after a 24 hour equilibration period. 
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Figure 4.4.3.8 Relationship between the amount of Drigg sand 
used and absorbance after a 4 day equilibration period. 
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Figure 4.4.3.7 Relationship between the amount ofDrigg sand 
used and absorbance after a 48 hour equilibration period. 
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Figure 4.4.3.9 Relationship between the amount of Drigg sand 
used and absorbance after a 7 day equilibration period. 
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Figure 4.4.3.10 Relationship between the amount of Drigg sand 
used and absorbance after a 14 day equilibration period. 
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4.4.4 Treatment of Drigg Sand 
To examine the sorption of humic acid to Drigg sand it would be preferable to remove 
the leaching humic substance from the sand before sorption experiments begin. As 
humic acids are soluble in alkali solutions, the sieved fraction of Drigg sand was 
washed in concentrated sodium hydroxide to remove the humic substance. 
4.4.4.1 Procedure 
Approximately 300 g of pre-washed and pre-sieved Drigg sand was placed into a 3 
dm3 beaker. Approximately 1 dm3 of concentrated sodium hydroxide solution (c.a. 5 
mol dm-3) was added to the sand and the solution I sand mixture stirred. The solution 
was replaced three times a day for three days. The Drigg sand was repeatedly rinsed 
with tap water. Samples were prepared by adding buffer solution (20 cm3) to 2.0 g of 
the washed Drigg sand. A control sample was prepared containing buffer solution 
without added Drigg sand. The samples were equilibrated for periods of 24 hours, 48 
hours, 4 days, 7 days and 14 days. After equilibration the pH and the absorbance at 
350 nm were measured for each sample. The buffer solution was used as the baseline 
for the absorbance measurements_ 
4.4.4.2 Results and Conclusions 
Table 4.4.4.1 shows the pH measurements for the control buffer solution and the 
buffer solution contacted with 2.0 g of Drigg sand after various equilibration periods_ 
There is an increase in the pH suggesting that the sodinm hydroxide had not been 
completely removed from the treated Drigg sand_ 
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a e . . . ep T bl 4441 Th H measuremen s or e con u er so u 10 trol b ffi I f n and the buffer 
ous equilibration 
t ti th 
solution contacted with 2.0g of Drigg sand after vari 
periods. 
Solid Solid Wt. 24 Hours 48 Hours 4 Days 7 Day s 14 Days 
Blank - 6.04 6.00 6.01 6.01 5.98 
Drigg 
2.0g 6.34 6.26 6.31 6.31 
Sand 
6.32 
Table 4.4.4.2 shows the UV absorbance measurements at 350 mn for the buffer 
solution contacted with the Drigg sand after the various equilibrati on periods. The 
compared to the 
the relationship 
graphically. In 
results show a fifty percent reduction in the leached humic substance 
previous 'washed' Drigg sand samples. Figure 4.4.4.1 displays 
between the leached humic substance and the equilibration time 
comparison to the previous experiment this experiment is kineticall y controlled but a 
au after the 7 day large amount of humic substance is leached initially reaching a plate 
equilibration period. 
Table 4.4.4.2 
Solid 
Drigg 
Sand 
The UV absorbance measurements at 350 mn for th e buffer solution 
periods. contacted with Drigg sand after various equilibration 
UV absorbance results at 350 mn 
Solid Wt. 
24 Hours 48 Hours 4 Days 7 Day s 14 Days 
2.0 g 0.038 0.027 0.019 0.014 0.017 
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Figure 4.4.4.1 The relationship between leached humic substance and equilibration 
period. 
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4.4.5 Further Treatment of Drigg Sand 
400 
To establish whether the humic substance could be removed further and to remove the 
residual sodium hydroxide a sub-sample of treated Drigg sand was re-washed and 
examined further. 
4.4.5.1 Procedure 
Approximately 50 g of treated Drigg sand contained in a 1 dm3 beaker was rinsed 
with tape water for a period of24 hours, then dried in an oven (200°C). Again buffer 
solution (20 cm3) was contacted with 2.0 g of the re-washed treated Drigg sand and 
equilibrated for periods of 24 hours, 48 hours, 4 days, 7 days and 14 days. A control 
was prepared containing buffer solution (20 cm3) and no solid. After equilibration the 
pH and the absorbance at 350 nm was measured for each sample. The buffer solution 
was used as a baseline for the absorbance measurements. 
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4.4.5.2 Results and Conclusions 
Table 4.4.5.1 shows the pH measurements for the control buffer solution and the 
buffer solution contacted with 2.0 g of Drigg sand after various equilibration periods. 
There is a small increase in pH due to the presence of sodium hydroxide. The 
increase is minimal compared to the previous experiment, showing that an increased 
rinsing period with a smaller Drigg sand sample removes the sodium hydroxide to a 
greater extent. 
Table 4.4.5.1 The pH measurements for the control buffer solution and the buffer 
solution contacted with 2.0 g of Drigg sand after various equilibration 
periods. 
Solid Solid wt. 24 Hours 48 Hours 4 Days 7 Days 14 Days 
Blank 
-
6.01 6.01 6.01 5.96 5.97 
Drigg 
2.0 g 6.08 6.08 6.09 6.04 6.07 
Sand 
Table 4.4.5.2 shows the absorbance measurements for the buffer solution contacted 
with 2.0 g of Drigg sand after various equilibration periods. The results show that the 
increased washing period further reduces the humic substance leaching from the 
Drigg sand to a minimal amount. Therefore confirming the suitability of the 
treatment process to remove the humic substance from the Drigg sand thereby 
allowing the Drigg sand to be used for humic acid sorption studies. 
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Table 4.4.5.2 The absorbance measurements for the buffer solution contacted with 
2.0 g ofDrigg sand after various equilibration periods. 
UV Absorbance Results at 350 nm 
Solid Solid Wt. 
24 Hours 48 Hours 4 Days 7 Days 14 Days 
Drigg 
2.0 g 0.006 0.005 0.006 0.002 0.004 
Sand 
4.4.6 Humic Acid Sorption and Equilibration Period to Drigg Sand 
After establishing the removal of the humic substance from the Drigg sand, an 
investigation was required to investigate humic acid sorption and establish the 
equilibration period for humic acid sorption to Drigg sand. As well as examining the 
humic acid sorption, control samples were prepared to ensure that the Drigg sand had 
been treated effectively to remove the leached humic substance from the sand. 
4.4.6.1 Procedure 
, 
Samples were prepared by contacting 20 cm3 of either buffer solution, 10 mg dm·3 
humic acid solution or 300 mg dm-3 humic acid solution with either 0.1 g, 0.5 g, or 1.0 
g of treated Drigg sand. The samples were mixed and equilibrated for periods of 
either 24 hours, 48 hours, 4 days, 7 days, or 14 days. Controls were prepared 
containing buffer solution, 10 mg dm-3 humic acid solution or 300 mg dm-3 humic 
acid (20 cm3) with no solid. After equilibration the pH and the absorbance at 350 nm 
was measured for each sample. The buffer solution was used as a baseline for the 
absorbance measurements. 
4.4.6.2 Results and Conclusions 
Table 4.4.6.1 shows the pH measurements for the control solutions and the humic acid 
solutions contacted with 0.1 g, 0.5 g, and 1.0 g of treated Drigg sand after various 
equilibration periods. The results show that, compared to the control buffer solutions, 
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there is a minimal increase in the pH compared to the buffer solutions contacted with 
Drigg sand. For the buffer solutions the maximum drift observed is 0.07 pH units. 
For the humic acid solutions the effect is generally reduced due to the buffering effect 
of the humic acid itself. However these changes are not significant compared to 
experimental errors such as the calibration and use of the pH probe and meter. 
Table 4.4.6.2 shows the absorbance measurements for the control buffer solutions and 
the humic acid solutions contacted with 0.1 g, 0.5 g, and 1.0 g of treated Drigg sand 
after various equilibration periods. The results for the buffer solutions confirms that 
the treatment of the Drigg sand satisfactorily removes the humic substance from the 
Drigg sand to enable sorption studies with 0.1 g, 0.5 g, and 1.0 g ofDrigg sand. For 
the humic acid solutions the results are displayed with respect to the 10 mg dm-3 and 
300mg dm-3 humic acid control solutions. Figures 4.4.6.1 to 4.4.6.6 display the 
relationship between the amount of humic acid sorbed and the equilibration time for 
each weight of Drigg sand examined. From figure 4.4.6.5 it can be seen that 
equilibrium for the 10 mg dm-3 humic solution contacted with 1.0g of Drigg sand did 
not occur over the 14 day examination period. Figure 4.4.6.6 shows that for the 300 
mg dm-3 humic acid solution contacted with Drigg sand, equilibration is reached after 
a 7 day equilibration period. From figures 4.4.6.3 and 4.4.6.4, a similar trend is 
observed for the humic acid solutions contacted with 0.5 g ofDrigg sand. For the 10 
mg dm-3 humic acid solution, equilibrium is not reached over the 14 day examination 
period. For the 300 mg dm-3 humic acid solution, equilibrium is reached after a 4 day 
equilibration period. For the samples contacted with 0.1 g of Drigg sand, shown in 
figure 4.4.6.1, an extra measurement after an 8 day equilibration period confirmed 
that for the 10 mg dm-3 equilibrium was reached after 7 days. Figure 4.4.6.2 shows 
that for the 300 mg dm-3 humic acid solution, equilibrium was reached after a 4 day 
equilibration period. Therefore 0.1 g of Drigg sand was selected to examine the 
humic acid sorption using a 7 day equilibration period. 
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Table 4.4.6.1 The pH measurements for the control solutions and the solutions 
contacted with 0.1 g, 0.5 g, and 1.0 g of treated Drigg sand after 
various equilibration periods. 
Solid Solid Wt. Solution 24Hrs 48Hrs 4 Days 7 Days 14 Days 
Buffer 5.92 5.95 6.00 5.99 6.01 
~ 
~ - 10 mg drn·l HA 5.93 5.95 6.01 5.99 6.03 
...J 
~ 300 mg drn·l HA 5.94 5.98 6.04 6.03 6.07 
Buffer 5.90 5.93 5.99 5.96 6.02 
~~ 0.1 g 10 mg drn·l HA 5.92 5.95 6.01 5.98 6.04 
0 00 300 mg drn·l HA 5.95 5.98 6.03 6.02 6.09 
Buffer 5.94 5.91 5.98 5.95 5.97 
~ - 10 mg drn·l HA 5.94 5.92 6.00 5.99 6.00 
...J 
~ 300 mg drn·l HA 5.96 5.96 6.04 6.02 6.02 
Buffer 5.91 5.92 6.02 6.00 6.00 
8~ 0.5 g 10 mg drn·l HA 5.93 5.94 6.02 6.01 6.00 §oo 
300 mg drn·l HA 5.97 5.97 6.07 6.05 6.02 
Buffer 6.01 5.96 5.95 5.94 5.99 
~ 
3 - 10 mg drn·l HA 6.02 5.97 5.97 5.96 6.02 
~ 300 mg drn·l HA 6.06 6.01 6.01 6.01 6.06 
Buffer 6.04 5.97 6.00 6.04 6.03 
~~ 1.0 g 10 mg drn·l HA 6.05 6.00 6.01 6.05 6.04 
0 00 300 mg drn·l HA 6.08 6.04 6.04 6.09 6.08 
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Table 4.4.6.2 The absorbance measurements for the control buffer solutions and the 
10 mg drn-3 and 300 mg drn-3 humic acid solutions contacted with 0.1 
g, 0.5 g, and 1.0 g of treated Drigg sand after various equilibration 
periods. 
Solid Wt_ Solution UV Absorbance Results at 350 nm 
24Hrs 48Hrs 4 Days 7 Days 8 days 
Buffer 0_005 0.001 0.001 0.003 0.000 
0.1 g 10 mg drn-3 HA 10.7 9.5 9.3 8.7 8.6 
300 mg drn-3 HA 297.2 297.1 295.8 296.5 296.7 
Buffer 0.005 0.002 0.004 0.004 -
0.5 g 10 mg drn-3 HA 10.4 8.3 7.3 5.7 
-
300 mg drn-3 HA 298.1 282_7 276.3 272.7 -
Buffer 0.002 0.001 0.003 0.003 -
1.0 g 10 mg drn-3 HA 7.8 7_1 6.1 5.3 -
300 mg drn-3 HA 254.8 243.5 234.8 221.6 -
248 
14 Days 
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Figure 4.4.6.1 Relationship between 10 mg dm-3 humic acid 
and equilibration period for 0.1 g of Treated Drigg Sand. 
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Figure 4.4.6.3 Relationship between 10 mg dm-3 humic acid 
and equilibration period for 0.5 g of Treated Drigg Sand. 
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Figure 4.4.6.2 Relationship between 300 mg dm-3 humic acid 
and equilibration period for 0.1 g of Treated Drigg Sand. 
Sorption of 300 mg dm-3 Humic Acid to 0.1 9 
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Figure 4.4.6.4 Relationship between 300 mg dm-3 humic acid 
and equilibration period for 0.5 g of Treated Drigg Sand. 
Sorption of 300 mg dm-3 Humic Acid to 0.5 9 
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Figure 4.4.6.5 Relationship between 10 mg dm·3 humic acid 
and equilibration period for 1.0 g of Treated Drigg Sand. 
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Figure 4.4.6.6 Relationship between 300 mg dm·3 humic acid 
and equilibration period for 1.0 g of Treated Drigg Sand. 
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4.4.7 Kinetic Studies - Conclusions 
The above experiments have been used to examine the kinetics of the sorption of 
humic acid onto the inorganic solids, montrnoriIlonite, kaolin, BDH sand, and Drigg 
sand. The results concluded that, for 0.1 g of solid an equilibration period of 24 hours 
and 7 days was required for the equilibrium sorption of humic acid to montrnoriIlonite 
and kaolin respectively. Studies using BDH sand (silica) displayed a minimal 
sorption of humic acid for solid weights up to 5 g of sand. This maybe expected as 
the primary sorption method for humic acid and a silica surface is due to electrostatic 
attraction I repulsion as described in section 4.5.3. Sorption may occur and was 
observed, due to the presence of impurities in the sand or positive humic acid 
functional groups overcoming the surface electrostatic repulsion. However as humic 
acid sorption to BDH sand is difficult to achieve no further humic acid sorption 
studies were carried out using BDH sand. Initially experiments showed the presence 
of a humic substance leaching from the Drigg sand. A treatment process using 
concentrated sodium hydroxide was developed to remove the humic substance from 
the Drigg sand before use in sorption studies. The equilibration experiments 
concluded that humic acid contacted with 0.1 g of Drigg sand required an 
equilibration period of 7 days. 
4.5 Humic Acid Sorption Isotherms 
Before the examination of ternary systems consisting of a metal, humic acid and an 
inorganic solid, the sorption of humic acid onto inorganic solids was examined by 
batch experiments. The preferred approach for the investigation of the adsorption of 
humic acid to inorganic solids is through the establishment of sorption isotherms. An 
adsorption isotherm relates the amount of adsorptive (Le. humic acid), adsorbed to a 
surface and its concentration in solution, at a constant temperature S3. A detailed 
explanation into methods to describe sorption data, including sorption isotherms is 
given in section 1.2.9. 
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4.5.1 Preliminary Investigation 
Initially the sorption of humic acid to the minerals montmorillonite and kaolin was 
investigated over a humic acid concentration range of2 to 150 mg dm-3• 
4.5.1.1 Procedure 
Humic acid solutions (500 cm3) ranging from 2 to 150 mg dm-3, were prepared from 
the 1000 mg dm-3 humic acid I buffer stock solution_ The humic acid solutions 
prepared were at concentrations of2, 5, 10, 15,20,35,50,75,100, and 150 mg dm-3 
humic acid in the buffer solution_ The humic acid solutions (20 cm3) were contacted 
with 0_1 g of either montmorillonite or kaolin_ Control samples were prepared 
containing the humic acid solutions (20 cm3) and no solid. All samples were prepared 
in duplicate_ The samples were mixed and equilibrated for 7 days_ After equilibration 
the pHs of the solutions were measured. The samples were filtered and the 
absorbance measured at 350 nm_ For humic acid solutions over 50 mg dm-3 the 
samples were diluted with buffer solution before the absorbance measurements were 
made_ The buffer solution was used as a baseline for the absorbance measurements_ 
4.2.1.2 Results and Discussion 
Table 7_4.1 given in appendix 7.4, details the pH measurements for the humic acid 
solutions (2 mg dm-3 to 150 mg dm-3) contacted with either montmorillonite or kaolin 
and the humic acid control solutions_ The results show that the pH remained constant 
over the experimental period_ 
Figure 4.2.1.1 shows the humic acid calibration graph for the humic acid control 
solutions_ The calibration graph was used to calculate the amount of humic acid 
remaining in solution after the equilibration period, and thus the amount of humic acid 
sorbed to the solid. 
252 
Ternary Systems 
Figure 4.5.1.1 Calibration graph for humic acid concentrations and absorbance 
measurements at 350 nm. 
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The isotherm graphs, shown in figures 4.2.1.2 to 4.2.1.3 show the relationship 
between the concentration of humic acid remaining in solution (mg dm-3) compared to 
the amount of humic acid sorbed to the solid (mg go!). The humic acid sorption 
results are presented graphically as sorption isotherms. 
Figure 4.5.1.2 shows the results for humic acid sorption to 0.1 g ofmontmorilIonite, 
using humic acid solution ranging from 2 to 150 mg dm-3• The graph illustrates a 
Freundlich-shaped isotherm for the sorption of humic acid to montmorilIonite. 
Initially a sharp increase is observed in the humic acid sorption to the montmorilIonite 
surface. However it is not clear from this isotherm whether a plateau region has been 
reached after the initial increase or whether there is a steady increase as sorption still 
occurs. Therefore no conclusion can be drawn from this isotherm as to whether the 
mineral surface has reached saturation by the humic acid. 
Figure 4.2.1.3 shows the results for humic acid sorption to 0.1 g of kaolin, using 
humic acid solution ranging from 2 to 150 mg dm-3• The graph illustrates a 
Langmnir-shaped isotherm for the sorption of humic acid to kaolin. Initially a sharp 
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increase is observed in the humic acid sorption to the kaolin. The isotherm does 
suggest that a plateau region has been reached with solution of humic acid 
concentrations above 75 mg dm-3 therefore suggesting that surface saturation has 
occurred. 
Figure 4.5.1.2 Sorption isotherm for humic acid contacted with 0.1 g 
montmorillonite. 
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Figure 4.5.1.2 Sorption isothenn for humic acid contacted with 0.1 g kaolin. 
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4.5.2 Extended Investigation 
To further investigate the sorption of humic acid to mineral surfaces, experiments 
were undertaken using a wider range of humic acid concentrations i.e. between 2 to 
300 mg dm,3, with the solids montmorillonite, kaolin and Drigg sand. The experiment 
and results outlined below are the first part of the two-stage experiment detailed in 
section 4.6.2. These results provide a comprehensive examination of the humic acid 
sorption to the solids, montmorillonite, kaolin and Drigg sand. 
4.5.2.1 Procedure 
Humic acid solutions (500 cm3) ranging from 2 to 300 mg dm'3, were prepared from 
the 1000 mg dm'3 humic acid I buffer stock solution. The humic acid solutions 
prepared were at concentrations of 2, 5,10,15,20,25,35,50,60,75,90,100,115, 
130, 150,200,250 and 300 mg dm'3 humic acid in the buffer solution. The humic 
acid solutions (20 cm3) were contacted with 0.1 g of either montmorillonite, kaolin or 
Drigg sand. Control samples were prepared containing the humic acid solutions (20 
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cm3) and no solid. All samples were prepared in duplicate. The samples were mixed 
and equilibrated for 7 days. After equilibration the pH of the solutions were 
measured. The samples were filtered and the absorbance measured at 350 nm. For 
humic acid solutions over 60 mg dm·3 the samples were diluted with buffer solution 
before the absorbance measurements were made. The buffer solution was used as a 
baseline for the absorbance measurements. 
4.5.2.2 Results and Discussion 
Table 7.5.1 given in appendix 7.5 details the pH measurements for the humic acid 
solutions (2 mg dm·3 to 300 mg dm·3) contacted with either montmorillonite, kaolin, 
or the Drigg sand and the humic acid control solutions. The results show that the pH 
remained constant over of the experimental period. 
Figure 4.5.2.1 shows the humic acid calibration graph for the humic acid control 
solutions. The calibration graph was used to calculate the amount of humic acid 
remaining in solution after the equilibration period, and thus the amount of humic acid 
sorbed to the solid. 
Figure 4.5.2.1 Calibration graph for humic acid concentrations and absorbance 
measurements at 350 nm. 
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The isotherms shown in figures 4.5.2.2, 4.5.2.4 and 4.5.2.6 show the relationship 
between the concentration of humic acid remaining in solution (mg dro·3) compared to 
the amount of humic acid sorbed to the solid (mg g.!) for the selected solids. Figures 
4.5.2.3,4.5.2.5 and 4.5.2.7 show the linear regressions fitted to the log-log plots of the 
concentration of humic acid in solution against the amount of humic acid sorbed to 
the solid for the selected solids. 
The montmorillonite results are shown in figures 4.5.2.2 and 4.5.2.3. The graph in 
figure 4.5.2.2 illustrates a Freundlich-shaped isotherm for the sorption of humic acid 
to montrnorillonite. The maximum sorption for O.1g of montmorillonite contacted 
with humic acid was approximately 6 mg g.! resulting from the contact of a 300 mg 
dro·3 humic acid solution. After an initial sharp increase in humic acid sorption for 
humic acid solutions up to 25 mg dro·3, the isotherm demonstrates a gentle increase 
for the remaining humic acid solutions. It is not possible to conclude from these data 
whether a plateau region at the high humic acid concentrations has been reached. 
Typically isotherms display a plateau region which is described as the area where the 
solid surface has been saturated by the absorbent i.e. the formation of a mono-layer 
coverage of the adsorbent over the solid surface. If this is not observed the results 
suggest either the saturation point for the absorbent on the solid has not yet been 
reached or that multi-layer sorption is occurring. Multi-layer sorption can occur for 
adsorbent molecules which posses both positive and negative functional groups. This 
allows sorption to the solid surface and the sorption of further adsorbent molecules to 
the surface-bound adsorbent molecules. This is possible with humic acid as it is a 
complex organic molecule consisting of a number of different functional groups as 
described in section 1.3.2.1. It may be suggested that multi-layer sorption is occurring 
in the montrnorillonite / humic acid system due to the shape of the isotherm and the 
binding nature of humic acid. 
The kaolin results are shown in figures 4.5.2.4 and 4.5.2.5. The graph in figure 
4.5.2.3 illustrates a Freundlich-shaped isotherm for the sorption of humic acid to 
kaolin. The maximum sorption for O.lg of kaolin contacted with humic acid was 
approximately 4 mg g.! resulting from the contact of a 300 mg dro·3 humic acid 
solution. An initial sharp increase in humic acid sorption for humic acid solutions up 
to 30 mg dro·3 was observed. Although not previously observed in the isotherm 
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experiment using up to 150 mg dm·3 humic acid, the isothenn demonstrates a slight 
increase for the remaining humic acid solutions up to 300 mg dm·3• It is not possible 
to conclude from these results whether a plateau region at the high humic acid 
concentrations has been reached. This may suggest either the saturation point for 
humic acid sorption onto kaolin has not been reached or multi-layer sorption of humic 
acid to kaolin may be occurring. However, it may be suggested that multi-layer 
sorption is occurring in the kaolin / humic acid system due to the shape of the 
isothenn and the binding nature of humic acid. 
The Drigg sand results are shown in figures 4.5.2.6 and 4.5.2.7. The graph in figure 
4.5.2.6 illustrates a Freundlich-shaped isothenn for the sorption of humic acid to 
Drigg sand. The maximum sorption for O.lg of Drigg sand contacted with humic acid 
was approximately 1.0 mg g.1 resulting from the contact of a 300 mg dm·3 humic acid 
solution. After an initial sharp increase in the humic acid sorption for humic acid 
solutions up to 50 mg dm·3, the isothenn demonstrates a slight increase for the 
remaining humic solutions up to 300 mg dm·3• There is between 75 - 80 percent less 
maximum humic acid sorbed to Drigg sand compared to montrnorillonite and kaolin. 
The variation may be due to the differing mineral surfaces. Montrnorillonite and 
kaolin are clay minerals providing hydroxyl surface groups for binding, whereas the 
Drigg sand consists of a large fraction of quartz. Therefore with the Drigg sand 
minimal sorption is expected due to electrostatic repulsion of the 'negative' humic 
acid molecules and the 'negative' quartz surface as seen previously with humic acid 
sorption to BDH sand. However Drigg sand also contains clay particles that would 
contain hydroxyl surface groups thereby allowing humic acid sorption via 
mechanisms such as ligand exchange. 
The data obtained for the sorption of humic acid to montrnorillonite, kaolin and Drigg 
sand were fitted to the Freundlich equation. 
The Freundlich isothenn can be expressed as follows: 
Csoild = a C so! .. b (eq.4.5.2.1) 
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Where Csoild is the amount of absorbent on the solid (mg g-l / mol g-l), Csoln. is the 
amount of absorbent in solution (mg drn-J / mol dm-J), a is the Freundlich constant 
and b is a measure of the non-linerarity involved. The parameters a and b are 
empirical parameters and 0 < b < 1. Parameters a and b are obtained by the linear 
regression of the plot of log Cso/u/ against log Csol.. Where b is the gradient and a is 
calculated from the intercept. If b = I, the Freundlich equation corresponds to a 
simple K.! and this linear isotherm represent the situation where the affinity of the 
absorbent remains constant for all values of Cso/u/. Although the Freundlich isotherm 
is largely empirical, Sposito 56 has shown that the parameter b is a measure of the 
heterogeneity of the surface. The nearer b is to unity, the more homogeneous is the 
surface. 
For the montmorillonite data, the isotherm was fitted over a humic acid concentration 
range of 10 - 300 mg dm-3 with a R2 value of 0.98. For the kaolin data, the isotherm 
was fitted over a humic acid concentration range of 15 - 300 mg dm-J with a R2 value 
of 0.92. For the Drigg sand data, the isotherm was fitted over a humic acid 
concentration range of5 - 300 mg dm-3 with aR2 value of 0.90. 
Table 4.5.2.1 summaries the values of parameters a and b for humic acid sorption to 
each solid. Considering b as a measure of heterogeneity, the trend of surface 
heterogeneity with respect to humic acid sorption is b (kaolin) < b (montmorillonite) 
< b (Drigg sand). The Drigg sand surface is considered from those studied as the 
most homogeneous, i.e. b is closest to one. 
Table 4.5.2.1 Summary of parameters a and b for humic acid sorption to 
montmorillonite, kaolin and Drigg sand. 
a b 
Montmorillonite 0.50 2.44 
Kaolin 0.50 3.39 
Drigg sand 2.29 2.21 
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Figure 4.5.2.2 Sorption isotherm for humic acid contacted with 0.1 g 
montmoril\onite. 
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Figure 4.5.2.5 Sorption data as a log plot for humic acid sorption to montmoril\onite. 
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Figure 4.5.2.4 Sorption isothenn for humic acid contacted with 0.1 g kaolin. 
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Figure 4.5.2.5 Sorption data as a log plot for humic acid sorption to kaolin. 
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Figure 4.5.2.6 Sorption isotherm for humic acid contacted with 0.1 g Drigg sand. 
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Figure 4.5.2.7 Sorption data as a log plot for humic acid sorption to Drigg sand. 
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Table 4.5.2.2 details the BET surface areas for montrnoriIIonite, kaolin and Drigg 
sand and the maximum humic acid sorbed from a 300 mg dm-3 humic acid solution. 
Despite montrnoriIIonite having a BET surface area 27 times larger than kaolin, 
montrnoriIIonite achieves only a 1.5 times increase in the maximum amount of humic 
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acid sorbed from a 300 mg drn-3 humic acid solution_ This maybe explained by the 
following considerations_ Firstly, thought should be given to the use of nitrogen to 
determine the surface area of the solids, given the difference in properties between a 
nitrogen molecule and a humic acid rnolecule_ The most importance difference being 
the size of a nitrogen molecule compared to a humic acid molecule_ Thus due to 
steric hindrance the nitrogen molecule may penetrate further into the solid structure 
compared to the humic acid_ Secondly, it is thought that bonding mechanism for 
clays occurs predominately through ligand exchange with the hydroxyl sites on the 
clay surface and the carboxylic and amide groups on the humic acid_ Kaolin consists 
of a structural sub-unit of 2[AhShOs(OH)4] where hydrogen bonding forms a rigid 
non-expanding structure_ Therefore surface area is limited to the external surfaces_ 
Montmorillonite consists of two silica and one alumina sheets with weakly held base 
cations in the interlayer spacing which can ready adsorb water in to the interlayer 
spacing_ Therefore the montmorillonite surface area may include external and 
internal surfaces as the structure absorbs water_ Hence the sorption capacity of 
montmorillonite for humic acid is greater compared to kaolin and maybe explained by 
the available internal binding sites of the montmorillonite_ However the large 
difference observed between the montmorillonite and kaolin BET surface area does 
not correspond to the difference in humic acid sorption and maybe explained by the 
differences in the properties of a nitrogen molecule and a humic acid molecule_ For 
further information on binding mechanisms of humic acids to mineral surfaces see 
section 4.5.3_ 
Table 4.5_2_2 Comparison of maximum humic acid sorbed from a 300 mg drn-3 
humic acid solution to BET surface area for montmorillonite, kaolin 
and Drigg sand. 
Solid Montmorillonite Kaolin Drigg Sand 
Max_ Humic Acid Sorbed 6mg drn-3 4 mgdrn-3 1 mg drn-3 
BET Surface Area 267 m2 g-! 11 m2 g-! < 1 m2 g-! 
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4.5.3 Mechanisms of Humic Acid Sorption 
The following discussion examines the possible sorption mechanisms that may occur 
when considering the sorption of humic acid to mineral surfaces. 
Below the iso-electric point (i.e.p.) of a mineral the surface is positively charged, 
whereas humic acid is negatively charged until below pH 2. In this case, electrostatic 
attraction between the humic acid and the mineral is expected to occur, and humic 
acid sorption observed 5. Above the i.e.p. of the mineral, where the mineral surface 
charge is negatively charged, electrostatic repulsion between the mineral surface and 
the humic acid is expected. At pH 6 the surface charge of montmorillonite, kaolin and 
Drigg sand will be negatively charged, as well as the net charge of the humic acid 
molecule 37. However, although electrostatic repulsion is believed to be occurring 
between the mineral surface and the humic acid, humic acid is being sorbed to the 
mineral. Therefore binding mechanisms other than electrostatic interactions must be 
involved. These mechanisms are likely to include ligand exchange, where surface or 
edge -OH2+ or -OH groups exchange with anionic groups on the humic acid and/or a 
surface complexation mechanism between the mineral -OH2+ groups and humic 
groups 343. Different adsorption mechanisms may also explain the differing sorption 
behaviour of the various solids examined. For example, the relatively acidic surfaces, 
such as silica, would have fewer tendencies to form complexes with the acid 
functional groups of the humic acid, as compared to the more basic hydroxyls of 
minerals such as montmorillonite. 
Other contributing factors to humic acid sorption have been reported, such as 
electrostatic repulsion between adsorbed and un-adsorbed humic acid, leading to 
reduced adsorption with increasing pH 560. Zhou et al. 359 and others 315,328,351, 356 
have suggested that mechanisms such as hydrophobicity, van der Waals forces and 
hydrogen bonding have an effect. At high pH humic acid molecules are ionised and 
more soluble than at lower pH when they become protonated and more hydrophobic, 
leading to increased adsorption. Zhou et al. 359 and Murphy et al. 339 have also 
suggested that humic acid conformation changes with pH, which may lead to changed 
sorption. The collapsed conformational structure of protonated humic acid may allow 
more humic acid molecules to adsorb per unit surface area, along with reduced 
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electrostatic interactions which may lead to the penetration of humic acid molecules 
into negatively charged spaces in the clay 359. Cation Ca2+-water bridging and anion 
exchange have been proposed as further week adsorption mechanisms 356. 
It is almost certain that, due to the complex structure of the humic acid molecule, the 
wide range of surface chemistries, and the heterogeneous nature of groundwater, 
sorption of humic acids will be a combination of some or all of the above 
mechanisms. Virtually all the evidence for humic binding available is indirect, both 
specific and non-specific binding mechanisms. However, it is generally agreed that 
ligand exchange must be one of the mechanisms involved. Some of the mechanisms 
. stated as being most significant by others are highlighted below 339. 
4.5.3.1 Ligand exchange 
Ligand exchanges refers specifically to direct bond fonnation - inner-sphere complex 
- between carboxylic group and a mineral surface possessing hydroxyl groups. 
Evidence for the ligand exchange mechanisms in carboxylate adsorption from soil 
solutions is abundant but indirect. The inorganic surfaces involved are on the metal 
oxides and the edges of phyllosiIicates in soils. 
Considering adsorption of humic acid by the ligand exchange mechanism, adsorption 
by ligand exchange is thought to proceed by the following sequence: 
'" SOH + H+ ~ '" SOH2 + 
'" SOH2+ + HA-C(O)O- ~ '" SOH2+0-C(O)-HA 
'" SOH2 +O-C(O)-HA ~ '" SOC(O)-HA + H20 
(eq.4.5.3.1) 
(eq.4.5.3.2) 
(eq.4.5.3.3) 
Where ",SOH represents a surface hydroxyl group on the mineral, HA-COO 
represents a humic acid (HA) carboxylic group and ~ represents an equilibrium 
reaction. The protonation step in equation 4.5.3.1 is believed to make the group more 
exchangeable, but may not be necessary if the concentration of carboxylic groups is 
sufficiently high. Humic acid carboxylic groups may then form outer-sphere 
complexes with the protonated surface hydroxyl groups, equation 4.5.3.2, and ligand 
exchange occurs in equation 4.5.3.3, in which HA-COO' replaces OH2+ and forms an 
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inner-sphere complex with the metal cation. Due to the size of humic material it is 
possible for ligand exchange adsorption to be either mononuclear, mononuclear 
bidentate, or polynuclear as shown below in figure 4.5.3.1. 
Figure 4.5.3.1 Schematic representation of humic acid adsorbed onto a hydrous oxide 
surface via mononuclear bidentate (1), mononuclear (2), and 
polynuclear (3) surface complexes. 
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Anion exchange is only important below the i.e.p. of a mineral and only involves 
weak electrostatic bonds 37. The mechanisms can be represented by the following 
reaction 356. 
'" SOH2+X- + HA-C(O)O- ~ '" SOH2+0-C(O)-HA + X-
(eq.4.5.3.4) 
Where HA-C(O)O- symbolises the humic acid carboxylate group and :x: is a 
univalent, inorganic anion (e.g. Cl) which forms outer-sphere complexes with 
protonated surface hydroxyl or amine groups. This mechanism is the analogue of the 
cation exchange mechanism but is not often observed. This could be due to the 
weakness of the surface complexes involved, but should be predominant in acidic 
soils whose clay fraction comprises primarily of metal oxides. 
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4.5.3.3 Hydrophobic bonding 356 
Hydrophobic bonding is van der Waals attractive forces combined with the repulsion 
of hydrophobic moieties from water 356. van der Waals bonding between humic acid 
and mineral surfaces can be strong and long range and are most effective when ionic 
strengths are high enough to screen negatively charged functional groups on the 
humic acid, or when pH neutralises the net charge on the molecule 356. There are two 
theories as to the nature of the sorption interaction involved in 'hydrophobic bonding'. 
One suggests that the retention of the solute occurs through 'adsorption' onto 
hydrophobic surfaces of the organic matter and results from a 'squeezing -out' of the 
molecules from solution and its accumulation on at the solid interphase where 
competition with the solvent is minimum 340, 561 - 564. The second theory suggests that 
'bonding' is thought to occur through a 'partition', in which the sorbed material 
penetrates into the interior of the organic phase 565 - 567. Partition is distinguished from 
adsorption by the retention of the sorbed material 'within internal spaces' (voids) of 
organic matter: in adsorption, the sorbate occupies only the 'surface' of the adsorbate. 
4.5.3.4 Cation bridging 356 
Cation bridging is a fairly weak adsorption mechanism, which involves complexation 
with an exchangeable surface cation. Cation bridging is said to be important for 
charged siloxane ditrigonal cavities and monovalent exchangeable cations, but should 
also be important for hydrous metal oxide surfaces for pHs greater than the i.e.p. For 
humic acid adsorption onto an alumina surface, cation bridging may be represented 
as: 
(eq.4.5.3.5) =AIO- + (H20)Na+(OH2) ~ =AQH20)Na+(OH2) 
=AIO-(H20)Na+(OH2) + HA-C(O)O- ~ 
=AIO-(H20)Na+O-C(O)-HA + H20 
(eq.4.5.3.6) 
Where =AIO-, represents the alurnina surface and HA-C(O)O- a humic acid 
carboxylic group. In this reaction, sodium ions are attracted by electrostatic forces to 
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the alumina surface and fonn outer-sphere complexes. Humic acid carboxylic groups 
subsequently attach directly to the bound sodium ions by displacing water from the 
solvation shell. Cation bridging therefore occurs if carboxylate groups can fonn 
inner-sphere complexes directly with absorbed cations. 
4.5.3.5 Water bridging 356 
Where pH is greater than 7, the presence of bivalent cations may induce another 
adsorption process relative to solutions containing only monovalent cations, known as 
water bridging: 
(eqA.5.3.7) 
=AIO-(H20)Ca2+(OH2) + HA-C(O)O- ~ 
=AlO-(H20)Ca2+(OH2)O-C(O)-HA 
(eq.4.5.3.8) 
Where =AlO-, represents the alumina surface and HA-C(O)O- a humic acid 
carboxylic group. The major difference between water bridging and cation bridging is 
that, in water bridging, water is not displaced from the solvation shell of the 
exchangeable cation by carboxylate groups. Which mechanism occurs depends on the 
relative Lewis base character of the functional group on the humic acid and the 
relative Lewis base character of the exchangeable cation. For example, at high pH, 
carboxylate groups of humic acid may adsorb on mineral surfaces by cation bridging 
in the presence ofNa+ and through water bridging when Ca2+ is present. 
4.6 Europium Sorption Isotherms 
Before the examination of ternary systems consisting of a metal, humic acid and an 
inorganic solid, the sorption of europium to inorganic solids was examined by batch 
experiments. The preferred approach for the investigation of the adsorption of humic 
acid to inorganic solids is through the use of sorption isothenns. 
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4.6.1 Procedure 
Europium chloride solutions of 0.2, 0.1, 0.05, 0.01, 0.005, 0.001, 0.0005, 0.0001, and 
0.00005 mol dm,3 europium were prepared in the buffer solution. The europium 
solutions (19.75 cm3) were contacted with either montmorillonite or kaolin (O.1g). A 
europium-152 spike (c.a. 900 Bq I 0.25 cm3) was added to each of the samples. 
Control samples were prepared containing the europium solutions with no solid phase. 
All samples were prepared in duplicate. The samples were mixed and equilibrated for 
5 days. After equilibration the pH of the solutions were measured. The samples were 
filtered and a 1 cm3 sample counted for gamma activity. 
4.6.2 Results and Discussion 
The isotherm graphs shown in figures 4.6.2.1 and 4.6.2.3 show the relationship 
between the concentration of europium in solution (mol dm,3) compared to the 
amount of europium sorbed onto the solid (mol g,l) for montmorillonite and kaolin 
respectively. Figures 4.6.2.2 and 4,6.2.4 show the linear regressions fitted to the 
reciprocal plots of europium in solution against europium sorbed to either 
montmorillonite or kaolin respectively. 
For both montmorillonite and kaolin, the isotherms demonstrate a Langmuir 
relationship between the concentration of europium present in the solution phase and 
the europium sorbed to the solid surface. Examination of the isotherms enables the 
approximate europium saturation point for each mineral to be determined. For 
montmorillonite the surface sites appear to be saturated with a total added europium 
concentration above 0.1 mol dm,3 europium. For kaolin the surface appears to be 
saturated at a total added europium concentration above 0.001 mol dm,3 europium. 
An explanation for the increased adsorption of europium by montmorillonite may be 
the ability of the montmorillonite lattice structure to expand thereby allowing the 
inclusion of europium into the interstitial structure of the mineral. 
The europium distribution between the solid and the solution phase is determined by 
the distribution of the 'active' europium (i.e. radioactive europium-152) assuming an 
equivalent distribution for the 'inactive' europium. However the system becomes 
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complex after saturation has been reached. Above the saturation concentration, the 
percentage of inactive europium competing for a sorption site compared to active 
europium increases. Therefore it appears that the europium sorption decreases 
because the active europium sorbed decreases. 
The results obtained for the sorption of europium to montmorillonite and kaolin were 
fitted to the Langmuir equation. 
The Langmuir equation can be expressed as follows, 
(eq.4.6.2.1) 
Where CsoM is the amount of absorbate on the solid (mg g-I I mol g-I), Csoln. is the 
amount of absorbate in solution (mg dm-3 I mol dm-3), CsoluJ.max- is the uptake 
capacity, i.e. the maximum amount of absorbate sorbed and Kads is the equilibrium 
formation constant expressed in dm mg-I I dm mOrl. Taking reciprocals of the 
Langmuir equations yields a linear expression where, 
d. 1 1 gra lent = -- x ----
Koda Csolldmax. 
1 intercept = -=----
Csolldmax. 
The conditions for the validity of the Langmuir isotherm are, 
(eq. 4.6.2.2) 
(eq. 4.6.2.3) 
i) equilibrium up to the formation of a mono-layer coverage of the surface by 
the absorbent, 
ii) the energy of adsorption to a site is independent of surface coverage, and 
Hi) all sites are equivalent. 
For the montmorillonite results, the Langmuir equation was fitted over a europium 
concentration of 0.0001 - 0.01 mol dm-3 with a R2 value of 1.00. For the kaolin 
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results, the Langrnuir equation was fitted over a europium concentration of 0.0001 -
0.001 mol drn·3 with a R2 value of 0.93. 
Table 4.6.2.1 summarises the values for parameters KaJJs. and Csohdmax. for europium 
sorption to montmorillonite and kaolin. The results show that kaolin has a lower 
affInity for europium than montmorillonite. 
Table 4.6.2.1 Summary of parameters Kads and Csoildmax. for humic acid sorption to 
montmorillonite, kaolin and Drigg sand. 
Montmorillonite 
Kaolin 
1.2 X 104 
2.7 X 102 
1.65 X 10-4 
1.97 X 10.3 
Figure 4.6.2.1 Sorption isothenn for europium contacted with 0.1 g montmorillonite. 
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Figure 4.6.2.2 Reciprocal plot for sorption of europium contacted with 0.1 g 
montmorillonite. 
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Figure 4.6.2.3 Sorption isotherm for europium contacted with 0.1 g kaolin. 
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Figure 4.6.2.4 Reciprocal plot for sorption of europium contacted with 0.1 g kaolin. 
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4.7 Ternary Systems 
4.7.1 Ternary System - Preliminary Investigation 
To investigate the distribution of a metal (Le. europium) between solution-phase and 
solid-bound humic acid, three humic acid concentrations were selected which 
represented three regions of the humic acid sorption isothenns to montmorillonite, or 
to kaolin. A 10 mg dm-3 humic acid concentration was chosen to represent the steep 
increase at the beginning of the sorption isothenns. Humic acid concentrations of 75 
mg dm-3 and 165 mg dm-3 were selected to represent the beginning and the 
intennediate region of the gradual slope of the sorption isothenns. 
4.7.1.1 Procedure 
The selected humic acid / buffer solutions (10, 75, 165 mg dm-3; 20 cm3) were 
contacted with montmorillonite or kaolin (0.1 g) and mixed. After an equilibration 
period of 2 days, a 1 cm3 aliquot was removed from the samples and the absorbance 
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measured at 350 run. This was to ensure that the humic acid sorption was comparable 
to the humic acid sorption isotherm results. A europiwn-152 spike (c.a. 900 Bq; 0.25 
cm3) was then added to each sample and re-mixed. Calculations were made to show 
that a 1 cm3 sample aliquot would give a ganuna count of approximately 800 counts 
per minute. This assumed that the europium-l 52 would sorb only to the humic acid, 
and up to eight-five percent of the humic acid could sorb to the solids. After a further 
equilibration period of 2 days the absorbance at 350 run was re-measured and the 
gamma activity detennined for each sample. The buffer solution was used as a 
baseline for the absorbance measurements. 
4.7.1.2 Results and Conclusions 
Tables 4.7.1.1 and 4.7.1.2 show the results for humic acid and europium-l 52 sorption 
to montmorillonite and kaolin respectively. 
The humic acid sorption results are comparable to the values for humic acid sorption 
in the isotherm experiments. Although there is some variation in the percentage of 
humic acid sorbed to the solids for the two different equilibration periods, it is 
minimal. The variation may be explained by (i) the removal of a 1 cm3 aliquot after 
the first equilibration period used to make an absorbance measurement, and (ii) the 
equilibration periods were only two days. Although the humic acid sorption 
isotherms do not show a typical plateau region indicating surface saturation, it is 
assumed that the surface sites are saturated when multi-layer sorption starts to occur. 
If we assume that the europiwn-152 is associated with the humic acid we would 
expect to see a similar distribution between the solution-phase and solid-bound 
europium-l 52 as with the humic acid. This is observed, however there is between a 1 
- 18 percent increase in the percentage of europium in the solution phase, compared to 
the humic acid in the solution phase, depending on the humic acid concentration and 
the type of solid phase. This may be an effect of the shorten equilibration periods or 
this may suggest that the europium-l 52 has a greater affinity for the solution phase 
humic acid compared to the solid bound humic acid. 
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Table 4.7.1.1 Results for humic acid and europium-152 sorption to rnontmoriIIonite. 
Humic Acid Percentage Percentage 
Conc. HA in Sol. HA on Solid Eu in Sol. Eu on Solid 
10mgdm·j 9 91 - -
'5 
0' 50mg dm·' 65 35 - -~ 
t! 100 mg dm·' 75 25 
-
- -
lOmgdm·' 21 79 20 80 
~ 50mgdm-' 65 35 82 18 ~ 
'" 100mgdm·j = 79 21 97 3 N 
Table 4.7.1.2 Results for humic acid and europium-152 sorption to kaolin. 
Humic Acid Percentage Percentage 
Conc. HA in Sol. HA on Solid Eu in Sol. Euon Solid 
10 mg dm·' 26 74 - -
,....; 
·S 50mgdm-' 76 24 $ - -
t! 100 mg dm·' 83 17 
-
- -
,....; 10mgdm·' 16 84 22 78 
·S 
$ 50mgdm-' 68 31 87 13 
'" = 100 mg dm·' 86 14 100 0 N 
4.7.2 Ternary Systems - Humic Acid Sorption Isotherms 
To further investigate ternary systems, batch experiments were prepared to examine 
the distribution of europium-152 to montmoriIIonite, kaolin and Drigg sand, in the 
presence of humic acid over the humic acid concentrations of2 to 300 mg dm-3• 
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4.7.2.1 Procedure 
Humic acid / buffer solutions (2, 5, 10, 15,20,25, 35, 50, 60, 75, 90, 100, 115, 130, 
150, 200, 250 and 300 mg dm·3 humic acid; 20 cm3) were contacted with either 
montmorillonite, kaolin or Drigg sand (0.1 g). Control humic acid samples were 
prepared containing no solid. The samples were prepared in quadruple; two to ensure 
humic acid sorption was occurring as previously observed in other sorption isotherms 
experiments, and two to examine the distribution of europium-152 in the system. The 
samples were mixed and equilibrated for 7 days. After the first equilibration period, 
two samples were removed, filtered and the absorbance measured at 350 nm. The 
pHs of the samples were also measured. A europium-152 spike (c.a. 1600 Bq; 0.1 
cm3) was added to the two remaining samples. The samples were re-mixed and 
equilibrated for a further 7 days. After the second equilibration period, the samples 
were filtered, the absorbance measured at 350 nm, the pH measured and a 1 cm3 
aliquot measured for gamma activity. The buffer solution was used as a baseline for 
the absorbance measurements. 
4.7.2.2 Results and Discussion 
Table 7.6.1 given in appendix 7.6 details the pH measurements for the humic acid 
solutions (2 mg dm·3 to 300 mg dm·3) contacted with either montmorillonite, kaolin, 
or the Drigg sand and the humic acid control solutions. The results show that the pH 
remained constant over of the experimental period. 
Figures 4.5.2.1 to 4.5.2.4, in section 4.5.2, show the calibration graph and the sorption 
isotherms after the first 7 day equilibration period, for the humic acid contacted with 
montmorillonite, kaolin and Drigg sand respectively. The isotherms are discussed in 
section 4.5.2.2. 
Figures 4.7.2.1, 4.7.2.3 and 4.7.2.5 show the isotherm graphs for 14 day equilibrium 
period illustrating the relationship between the concentration of humic acid remaining 
in solution (mg dm·3) compared to the amount of humic acid sorbed to the solid (mg 
g.l) in the presence of a europium-152 spike. Figures 4.7.2.2, 4.7.2.4 and 4.7.2.6 
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show the linear regressions fitted to the log-log plots of humic acid in solution against 
humic acid sorbed to the solids in the presence ofa europium-152 spike. 
The graph shown in figure 4.7.2.1 illustrates a Freundlich-shaped isotherm for the 
sorption of humic acid to montmorillonite in the presence of europium-152 spike. 
The maximum sorption for 0.1 g of montmorillonite contacted with humic acid was 
approximately 6 mg g.1 from a 300 mg dm·3 humic acid solution. The shape and 
maximum amount of humic acid sorbed after 14 days is comparable to the maximum 
amount of humic acid sorbed after 7 days without the presence of europium-152. No 
plateau region is observed suggesting multi-layer sorption of humic acid to 
montmorillonite is occurring. 
The graph shown in figure 4.7.2.3 illustrates a Freundlich-shaped isotherm for the 
sorption of humic acid to kaolin in the presence of europium-152. The maximum 
sorption for 0.1 g of kaolin contacted with humic acid was approximately 4 mg g-I 
from a 300 mg dm·3 humic acid solution. The shape and maximum amount of humic 
acid sorbed after 14 days is comparable to the maximum amount of humic acid sorbed 
after 7 days without the presence of europium-I 52. No clear plateau region is 
observed suggesting multi-layer sorption of humic acid to kaolin is occurring. 
The graph shown in figure 4.7.2.5 illustrates a Freundlich-shaped isotherm for the 
sorption of humic acid to Drigg sand in the presence of europium-152. The maximum 
sorption for 0.1 g of Drigg sand contacted with humic acid was approximately 1.0 mg 
g.1 from a 300 mg dm-3 humic acid solution. The shape and maximum amount of 
humic acid sorbed after 14 days is comparable to the maximum amount of humic acid 
sorbed after 7 days without the presence of europium-152. 
The results obtained for the sorption of humic acid to montmorillonite, kaolin and 
Drigg sand in the presence of a europium-152 spike were fitted to the Freundlich 
equation. 
For the montmorillonite results, the equation was fitted over a humic acid range of IS 
- 300 mg dm·3 with a R2 value of 0.97. For the kaolin results, the equation was fitted 
over a humic acid range of IS - 300 mg dm·3 with a R2 value of 0.92. For the Drigg 
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sand results, the equation was fitted over a hwnic acid range of 5 - 300 mg dm-3 with a 
R2 value of 0.59. 
Table 4.7.2.1 summaries the values of parameters a and b for the hwnic acid sorption 
the each solid without and in the presence of europium-152. In general the values are 
similar when comparing those obtained without and in the presence of europium-152_ 
Therefore suggesting that the presence of the europium-152 has a minimal affect on 
the sorption ofhwnic acid to the selected solids. There is some difference however in 
the b values for the Drigg sand, as b is a measure of the non-linearity of the 
Freundlich expression, this may be explained by the poor linear regression achieved 
with the results collected in the presence of the europium-152 spike. Considering b as 
a measure of heterogeneity, the trend of surface heterogeneity with respect to humic 
acid sorption in the presence of a europium-152 spike is b (kaolin) < b 
(montmorillonite) < b (Drigg sand). The Drigg sand surface is considered from those 
studied as the most homogeneous, Le_ b is closest to one. This is in agreement with 
the results without the presence of europium-152. 
Table 4.7.2.1 Summary of parameters a and b for humic acid sorption to 
montmorillonite, kaolin and Drigg sand without and in the presence of 
a europium-152 spike. 
a b 
- no Europium 0.50 2.44 MontmoriJlonite _____________________ 
-Europium 0.75 2.78 
- no Europium 0.50 3.39 
Kaolin 
---------------------
-Europium 0.51 3.45 
- no Europium 2.29 2.21 
Drigg sand 
---------------------
-Europium 2.08 1.37 
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Figure 4.7.2.1 Sorption isothenn for humic acid contacted with 0.1 g montrnorillonite 
in the presence of a europium-152 spike. 
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Figure 4.7.2.2 Sorption data as a log plot for humic acid sorption to montrnorillonite 
in the presence of a europium-152 spike. 
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Figure 4.7.2.3 Sorption isotherm for humic acid contacted with 0.1 g kaolin in the 
presence of a europium-152 spike. 
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Figure 4.7.2.4 Sorption data as a log plot for humic acid sorption to kaolin in the 
presence of a europium-152 spike. 
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Figure 4.7.2.5 Sorption isothenn for humic acid contacted with 0.1 g Drigg sand in 
the presence of a europium-152 spike. 
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Figure 4.7.2.6 Sorption data as a log plot for humic acid sorption to montmorillonite 
in the presence of a europium-152 spike. 
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Figures 4.7.2.7 to 4.7.2.9 show the sorption isotherms after the 14 day equilibration 
period, for the europium-l 52 spike in the presence of varying concentrations of humic 
acid contacted with montmorillonite, kaolin and Drigg sand respectively. Each data 
point represents the distribution of the europium-152 spike at a given humic acid 
concentration. The humic acid concentrations were, 5, 10, 15,20,25,35,50,60,75, 
90, 100, 115, 130, 150,200,250 and 300 mg dm·3• 
The results show a similar europium-152 distribution trend observed for all three 
solids. The amount of europium-152 in solution increases as the concentration of 
humic acid in solution increases. Therefore as the amount of humic acid in the 
solution phase increases the amount of europium-152 sorbed to the solid surface 
decreases. 
Figure 4.7.2.7 Sorption isotherm for europium-152 spike contacted with 0.1 g 
montmorillonite in the presence of a various concentration of humic 
acid. 
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Figure 4.7.2.8 Sorption isothenn for europium-152 spike contacted with 0.1 g kaolin 
in the presence of a various concentration of humic acid 
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Figure 4.7.2.9 Sorption isothenn for europium-152 spike contacted with 0.1 g Drigg 
sand in the presence of a various concentration of humic acid. 
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Figure 4.7.2.10 shows the percentage of europium-l 52 sorbed as a fimction of the 
total humic acid concentration present for montmorillonite, kaolin and Drigg sand, 
thus examining the effect of humic acid concentration on the sorption of europium-
152 to the various minerals. The sorption interactions of europium in the Eu-HA-
mineral systems varied with mineral type, although a similar trend was observed for 
all three minerals. The sorption of europium-l 52 spike onto all three minerals was 
shown to decrease as the concentration of humic acid present was increased. This 
maybe explained by the re-distribution of the europium between the solid I solution 
phase humic acid i.e. as more humic acid is present in the solution phase; more 
europium is present in the solution phase. Depending on the solid, at low humic acid 
concentrations (c.a. 2 mg dm·3) between 65 - 95 percent of the europium was sorbed 
to the solid phase. At high humic acid concentrations (c.a. 300 mg dm-3) between 0.5 
- 8.5 percent of the europium was sorbed to the solid phase depending on the solid 
phase. Although the HA-montmorillonite system allowed the highest percentage of 
europium-l 52 to sorbed to the solid (c.a. 95%), the HA-kaolin system overall allowed 
the greatest amount of europium-l 52 sorption over the complete humic acid 
concentration range. There is a significant difference in the amount of europium-l 52 
sorbed on the Drigg sand system compared to the clay minerals of montmorillonite 
and kaolin. Less europium-152 is sorbed, and at humic acid concentrations above 75 
mg dm·3 less than 5 percent of the europium-l 52 is associated with the solid phase. 
This may be explained by the different types and number of binding sites I 
mechanisms, as discussed previously, for the Drigg sand compared to the clay 
minerals. 
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Figure 4.7.2.10 The percentage of europium- I 52 sorbed as a function of the total 
humic acid concentration present for montmorillonite, kaolin and 
Drigg sand. 
100 
N 
'" 80 ~E ." 
:J :: 
.- 0 
e- cn 60 
o 0 
" -w." 
., ., 40 
"' .0 tU ~ 
- 0 a; UI 
" 
20 ~ 
" Il. 
0 
Sorption of Europium-152 in the presence of 
various concentrations of Humic Acid 
~ 
~. 
• 
t:. 
•• * • 
• 
• 
0 
, . • ! • I 
'. • , • , 
---
100 
I I 
. t 
• Montmorillonite 
• Kaolin 
Origg sand 
, I 
200 300 
Tota l Humic Acid Concentration (mg dm·3) 
A possible description of the europium distribution in a ternary system is that the 
europium follows the humic acid distribution between the mineral and solution 
phases. Figures 4.7.2.11 to 4.7.2.13 display the observed europium sorption to the 
mineral surface and the predicted europium sorption if the europium distributes as the 
humic acid. Each data point represents the distribution of the europium spike at the 
total humic acid concentration added. The humic acid concentrations were, 5, 10, 15, 
20, 25,35, 50, 60, 75, 90, 100, 115, 130,150, 200,250 and 300 mg dm"3 
The graphs show that, at low humic acid concentrations, the predicted values 
underestimate the observed europium sorption. However, at high humic acid 
concentrations the predicted values and the observed europium values are comparable. 
Hence at low humic acid concentrations the mineral surface may exert an effect the on 
europium sorption. Conversely at high humic acid concentrations where the mineral 
surface is saturated with the humic acid, the europium seems to distribute between the 
mineral-bound and solution phase humic acid. This is supported by literature as 
authors have postulated that mineral bound humic substances modify inorganic 
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surfaces, changing the nature and number of complexation sites for contaminants 310, 
316, 328, 343, 411 
Figure 4.7.2. 11 Observed europium sorption and humic acid distribution predicted 
europium sorption to montrnorillonite. 
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Figure 4.7.2.12 Observed europium sorption and humic acid distribution predicted 
europium sorption to kaolin. 
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Figure 4.7.2. 13 Observed europium sorption and humjc acid distribution predicted 
europium sorption to Drigg sand. 
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The humic acid and europium sorption data were examined to determine whether 
there was a correlation between the 'bound' and 'free' humic acid distribution and the 
europium distribution. Tables 4.7.2.2 to 4.7.2.4 summarise for each solid used, the 
experimental data and the bound I free ratios. The humic acid values were changed 
from mg dm·3 to mol dm·3 using a proton exchange capacity (PEC) of 5.3 x 10.3 mol 
g.l. This enabled comparison between the humic acid and europium data. Figures 
4.7.2.14 to 4.7.2.17 show the correlation of sorbed i.e. 'min.' and solution phase i.e. 
'soln.' humic acid and europium-I 52 contacted with either montmorillonite, kaolin 
and Drigg sand respectively. Each data point correlates the humic acid or europium 
distribution at a given total humic acid added. The humic acid concentrations were, 5, 
10, 15,20,25,35,50,60,75,90, 100, 115, 130, 150,200,250 and 300 mg dm·3• 
A similar trend was observed for all three solids. Although the graphs are not linear 
over the complete scale, a linear region is observed which corresponds to the higher 
humic acid concentration. The montmorillonite values were fitted over the humic 
acid concentration range of 20 - 300 rng dm·3 and gave a R2 value of 0.98. The kaolin 
values were fitted over the humic acid concentration range of 20 - 300 mg dm·3 and 
gave a R2 value of 0.97. The Drigg sand values were fitted over the humic acid 
concentration range of 15 - 300 mg dm·3 and gave a R2 value of 0.89. 
For all three solids, the results show that the ratio of the bound I free humic acid was 
correlated with the ratio of the bound I free europium-152 over the linear region of the 
graphs. From the gradient an apparent 'enhancement' value can be determined for the 
relationship between the bound I free ratio for humic acid and europium-152. If the 
europium-152 and humic acid distribution between the solid and solution phase were 
the same, the 'enhancement' value would be approximately one. Table 4.7.2.5 gives 
the enhancement values for each system containing the selected solids. 
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Table 4.7.2.5 Apparent enhancement values. 
Solid Enhancement Value 
Montmorillonite 1.31 
Kaolin 2.06 
Drigg sand 1.38 
From consideration of the above data, two possible hypotheses have been proposed to 
explain the differences between the observed europium distribution and humic acid 
predicted europium distribution, as well as the enhancement values between the 
[HA]mm. / [HA]soln and [Eu]mm / [EU]soln ratios: 
i) the humic acid sorbed to the solid has a greater affinity for the europium-
152, than the solution phase humic acid. 
ii) the mineral surface still exerts an effect on the europium-152 even when 
saturated with humic acid. 
The use of modelling (see section 4.7.2.3) has been used to give further information 
on the proposed hypotheses. Specifically the model considers whether the inclusion 
of the europium / mineral sorption as well as the humic acid / mineral sorption can 
explain the europium distribution in the system and hence validate hypotheses (ii). 
These results are contrary to those found in the ternary system preliminary 
experiments. This may be explained by the limited equilibration period used for the 
preliminary experiments; hence the preliminary results describe the system before 
equilibration has been reached. The removal of a I cm3 aliquot to determine the 
humic acid sorption may also have affected the humic acid / europium-152 
distribution. The ternary system - humic acid sorption isotherm experiments were 
repeated, the results were found to be in agreement with those discussed here. 
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Table 4.7.2.2 Summary of the experimental data and the [HA]mm I [HA]soI. and 
[Eu]mm I [Eu]soln. ratios in a montmorillonite ternary system. 
[HA]min. [HA]soln. [HA]min. [Eu]min. [Eu]soln. [Eu]min. 
(mol) (mol) [HA]soln. (mol) (mol) [Eu]soln. 
1.783E-07 3.5l7E-07 0.507 6.153E-1O 1.2l6E-1O 5.059 
1.640E-07 3.660E-07 0.448 5.847E-1O 1.500E-lO 3.898 
4.580E-07 6.020E-07 0.761 4.786E-1O 2.590E-I0 1.847 
4.072E-07 6.528E-07 0.624 40476E-1O 2.704E-I0 1.655 
6.764E-07 9.136E-07 0.740 4.074E-1O 3.338E-1O 1.220 
5.895E-07 1.001E-06 0.589 3048IE-1O 3.758E-1O 0.926 
7.88IE-07 1.332E-06 0.592 3.021E-1O 4.283E-I0 0.705 
7.987E-07 1.32IE-06 0.605 3.21IE-1O 4.042E-I0 0.794 
8.990E-07 1.751E-06 0.513 2.704E-1O 4.534E-I0 0.596 
8.713E-07 1.779E-06 00490 2.546E-1O 4.728E-I0 0.539 
1.032E-06 2.678E-06 0.385 2.106E-I0 5. 139E-1O 00410 
1.0 17E-06 2.693E-06 0.378 2.093E-I0 5.211E-1O 00402 
1.278E-06 4.022E-06 0.318 1.897E-1O 5.363E-I0 0.354 
1.12IE-06 4. 179E-06 0.268 1.804E-I0 5.514E-I0 0.327 
1.45IE-06 4.909E-06 0.296 1.560E-1O 5.700E-1O 0.274 
1.35IE-06 5.009E-06 0.270 1.380E-I0 5.931E-1O 0.233 
l.513E-06 60437E-06 0.235 1.335E-I0 5.882E-1O 0.227 
1.392E-06 6.558E-06 0.212 1.283E-I0 5.985E-1O 0.214 
1.978E-06 7.562E-06 0.262 1.379E-I0 5.896E-1O 0.234 
1.828E-06 7.712E-06 0.237 1.300E-I0 5.996E-1O 0.217 
1.809E-06 8.791E-06 0.206 1.105E-I0 6.228E-I0 0.177 
1.696E-06 8.904E-06 0.191 9.488E-ll 6.282E-I0 0.151 
1.973E-06 1.022E-05 0.193 9.546E-11 6.313E-I0 0.151 
1.811E-06 1.038E-05 0.174 8.422E-ll 60440E-1O 0.131 
1.978E-06 1.180E-05 0.168 6.694E-11 6.569E-I0 0.102 
2.024E-06 1.176E-05 0.172 6.233E-11 6.637E-1O 0.094 
2.238E-06 1.366E-05 0.164 7.604E-11 6.507E-I0 0.117 
2.047E-06 1.385E-05 0.148 6.508E-11 6.580E-1O 0.099 
1.977E-06 l.55IE-05 0.127 90488E-11 6.297E-I0 0.151 
1.917E-06 l.557E-05 0.123 9.254E-11 60407E-I0 0.144 
2.549E-06 1.865E-05 0.137 7.320E-11 6.564E-I0 0.112 
2.294E-06 1.891E-05 0.121 6.061E-l1 6.654E-1O 0.091 
2.834E-06 2.367E-05 0.120 6.578E-ll 6.610E-1O 0.100 
2.380E-06 204 12E-05 0.099 4.600E-11 6.865E-I0 0.067 
2.974E-06 2.883E-05 0.103 6.762E-ll 6.548E-1O 0.103 
2.636E-06 2.916E-05 0.090 5.365E-11 6.615E-1O 0.081 
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Table 4.7.2.3 Summary of the experimental data and the [HA]mm / [HA],oln and 
[Eu ]mm / [Eu ],oln. ratios in a kaolin ternary system. 
[HA]min. [HA]soln. [HA]min. [Eu]min. [Eu]soln. [Eu]min. 
(mol) (mol) [HA]soln. (mol) (mol) [Eu]soln. 
2.070E-07 3.230E-07 0.641 5.907E-1O 1.267E-10 4.663 
2.070E-07 3.230E-07 0.641 5.830E-1O 1.394E-10 4.180 
4.867E-07 5.733E-07 0.849 5. 136E-1O 2.102E-10 2.443 
4.860E-07 5.740E-07 0.847 5.397E-1O 1.834E-10 2.942 
6.346E-07 9.554E-07 0.664 4.548E-10 2.726E-10 1.668 
6.571E-07 9.329E-07 0.704 4.491E-1O 2.748E-10 1.635 
8.581E-07 1.262E-06 0.680 4.226E-1O 2.969E-10 1.423 
8.222E-07 1.298E-06 0.634 4.106E-1O 3.212E-10 1.278 
8.903E-07 1.760E-06 0.506 3.274E-10 3.798E-10 0.862 
9.046E-07 1.745E-06 0.518 3.529E-1O 3.738E-10 0.944 
1.022E-06 2.688E-06 0.380 3.001E-1O 4.288E-10 0.700 
9.324E-07 2.778E-06 0.336 2.974E-1O 4.301E-1O 0.691 
1.129E-06 4.171E-06 0.271 2.246E-10 5.036E-10 0.446 
1.085E-06 4.215E-06 0.257 2.118E-1O 5.294E-1O 0.400 
1.297E-06 5.063E-06 0.256 2.140E-1O 5.171E-1O 0.414 
1.160E-06 5.200E-06 0.223 1.833E-1O 5.514E-1O 0.332 
1.270E-06 6.680E-06 0.190 1.611E-10 5.736E-1O 0.281 
l.368E-06 6.582E-06 0.208 2.207E-10 5.068E-10 0.435 
1.582E-06 7.958E-06 0.199 1.802E-1O 5.495E-1O 0.328 
1.416E-06 8. 124E-06 0.174 l.472E-1O 5.911E-1O 0.249 
1.408E-06 9. 192E-06 0.153 1.136E-1O 6.168E-1O 0.184 
1.278E-06 9.322E-06 0.137 1.211E-10 6.122E-1O 0.198 
1.563E-06 1.063E-05 0.147 1.007E-10 6.246E-1O 0.161 
l.328E-06 1.086E-05 0.122 1.074E-10 6.294E-1O 0.171 
1.599E-06 1.218E-05 0.131 1.228E-10 6.097E-1O 0.201 
1.404E-06 1.238E-05 0.113 1.083E-1O 6.228E-1O 0.174 
1.568E-06 1.433E-05 0.109 9.366E-11 6.287E-1O 0.149 
1.589E-06 1.43IE-05 0.111 9.487E-11 6.319E-10 0.150 
1.630E-06 1.586E-05 0.103 1.115E-1O 6.160E-1O 0.181 
1.456E-06 1.603E-05 0.091 8.387E-11 6.364E-1O 0.132 
1.858E-06 1.934E-05 0.096 8.128E-11 6.607E-1O 0.123 
1.662E-06 1.954E-05 0.085 8.080E-11 6.503E-10 0.124 
1.719E-06 2.478E-05 0.069 7.677E-11 6.579E-10 0.117 
1.646E-06 2.485E-05 0.066 4.770E-11 6.798E-10 0.070 
1.736E-06 3.006E-05 0.058 4.669E-11 6.924E-10 0.067 
1.624E-06 3.018E-05 0.054 6.674E-11 6.564E-10 0.102 
291 
Ternary Systems 
Table 4.7.2.4 Summary of the experimental data and the [HA]mm. / [HA]soln and 
[Eu]mm. / [Eu]soln. ratios in a Drigg sand ternary system. 
[HA]min. [HA]soln. [HA]min. [Eu]min. [Eu]soln. [Eu]min. 
(mol) (mol) [HA]soln. (mol) (mol) [Eu]soln. 
2.793E-08 5.021E-07 0.056 2.625E-IO 4.686E-1O 0.560 
3.509E-08 4.949E-07 0.071 2.630E-10 4.660E-10 0.564 
1.505E-07 9.095E-07 0.165 1.785E-10 5.540E-10 0.322 
7.267E-08 9.873E-07 0.074 1.639E-10 5.629E-10 0.291 
2.313E-07 1.359E-06 0.170 1.417E-10 5.988E-IO 0.237 
2.755E-07 1.315E-06 0.210 1.603E-IO 5.766E-10 0.278 
2.563E-07 1.864E-06 0.138 1.196E-10 6.122E-10 0.195 
2.907E-07 1. 829E-06 0.159 1.295E-IO 6.ll7E-10 0.212 
3.337E-07 2.316E-06 0.144 1.145E-1O 6.129E-10 0.187 
3.386E-07 2.3llE-06 0.146 7.772E-11 6,461E-10 0.120 
3.925E-07 3.318E-06 0.118 8.369E-ll 6.539E-10 0.128 
3.576E-07 3.352E-06 0.107 8.321E-11 6.537E-1O 0.127 
3.597E-07 4.940E-06 0.073 6.515E-11 6.638E-10 0.098 
3.562E-07 4.944E-06 0072 6.765E-ll 6.743E-IO 0.100 
3.949E-07 5.965E-06 0.066 6.206E-11 6.690E-10 0.093 
4.341E-07 5.926E-06 0073 6.307E-ll 6.666E-10 0.095 
4.457E-07 7.504E-06 0.059 3.093E-ll 6.929E-10 0.045 
3.296E-07 7.620E-06 0.043 3.294E-ll 6.89SE-lO 0.048 
4.145E-07 9.126E-06 0.045 -1.142E-ll 7.360E-10 -0.016 
4.217E-07 9.1 18E-06 0.046 6.730E-12 7.236E-1O 0.009 
3.620E-07 1.024E-05 0.035 3.335E-12 7.299E-10 0.005 
4.166E-07 1.018E-OS 0.041 2.329E-ll 7.042E-1O 0.033 
4.551E-07 1.173E-05 0.039 4.092E-11 6.844E-1O 0.060 
3.677E-07 1.182E-05 0.031 2.5llE-ll 6.944E-1O 0.036 
4.613E-07 1.332E-05 0.035 -2.724E-12 7.222E-1O -0.004 
3.734E-07 1.34 lE-OS 0.028 3.631E-13 7.206E-1O 0.001 
4. 157E-07 1.548E-05 0.027 -7.177E-12 7.216E-1O -0.010 
3.126E-07 1.559E-05 0.020 1.260E-ll 7.39SE-1O 0.017 
4.382E-07 1.705E-OS 0.026 4,491E-ll 6.753E-1O 0.067 
4.022E-07 1.709E-05 0.024 2.007E-11 6.980E-1O 0.029 
4.837E-07 2.072E-05 0.023 5.216E-12 7. 121 E-IO 0.007 
4.233E-07 2.078E-OS 0.020 2.384E-11 7.051E-10 0.034 
5.139E-07 2.599E-05 0.020 2.049E-II 7.070E-IO 0.029 
4.647E-07 2.604E-05 0.018 -1.45SE-ll 7.261E-10 -0.020 
3,490E-07 3.145E-05 0.011 1.430E-ll 7.153E-IO 0.020 
4.219E-07 3.138E-05 0.013 3.530E-12 7.276E-IO 0.005 
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Figure 4.7.2.12 Correlation of [HA]mm I [HA],oln and [EU]mm I [Eu],oln. ratios in a 
montmorillonite ternary system .. 
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Figure 4.7.2.14 Correlation of [HAlm .. / [HAlsoln and [Eulmm / [Eulsoln. ratios in a 
Drigg sand ternary system. 
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4.7.2.3 Modelling 
To examine whether the combination of humic acid distribution, mineral sorption and 
europium-humic acid complexation can explain the observed enhancement of 
europium sorption to the mineral / humic acid system the additivity approach was 
assumed. The approach uses /(} values (i.e. distribution coefficients) derived from the 
binary systems for europium sorption to the minerals and humic acid sorption to the 
minerals. The europium-mineral /(} values (.I(J/) were determined from the linear 
region of the sorption isotherm plots i.e. at low europium concentrations. For KdJ 
values (i.e. /(}I = [Eulmm/[EulsoI.) the linear region achieved a common value for 
montmorillonite /(}I = 9.6 and kaolin /(}I = 3.1. Graphs 4.6.2.3.1 and 4.7_2.3.3 show 
the KdI values from the linear regions grouped together for montmorillonite and 
kaolin respectively. For the humic acid-mineral Kd values (.1(12), a KdZ value was 
determined for each humic acid concentration used (i.e. KdZ = [l£4lmm /[l£4lsol.). 
Graphs 4.6.2.3.2 and 4.7.2.3.4 show the](,a values changing with increasing humic 
acid concentration for montmorillonite and kaolin respectively. The /(} value (/(}], 
stability constant) used for the formation of an EuHA complex was derived from the 
294 
Ternary Systems 
CHESS database (K3 = 1.78 x 108) 6. Below is the derivation for the additivity 
approach. 
K.il = [HA]m/. 
[HA],o'" 
c 
d 
e 
bd 
TJ = [EuJro/a1 = [Eu]soin. + [Eu]mm + [EuHA],oin. + [EuHA]mm. 
T2 = [HA] Totol = [HA]soln + [HA]mm + [EuHA]soln. + [EuHA]mm 
(eq.4.7.2.1) 
(eq.4.7.2.2) 
(eq.4.7.2.3) 
(eqA.7.2.4) 
(eq.4.7.2.5) 
Where KdJ, Ken, 103 are known from the binary system data and TJ and T2 are the total 
concentration of europium and humic acid added to the ternary system respectively. 
Given the five equations above, the unknowns, [Eu]mm, [EU]soln., [HA]mm., [HA]soln. 
[EuHA]soln and [EuHA]mln. can be derived. 
From, 
(eq.4.7.2.1) 
(eq.4.7.2.2) 
(eq.4.7.2.3) 
a = KdJb 
c = Kd2d 
e = Kd3bd 
(eq.4.7.2.6) 
(eq.4.7.2.7) 
(eq.4.7.2.8) 
If the hypothesis is correct, i.e. the mineral surface exerts an effect on the europium 
even when saturated with humic acid then it maybe assumed that; 
[EuHA]mm = [HA]mm = K.il 
[EuHA]soln. [HA],o/n. 
(eq.4.7.2.9) 
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thus, 
[EuHA]mm = /(a[EUHA]soln 
Letfbe [EuHA]mln. therefore from eq. 4.7.2.3, 
(eq.4.7.2.10) 
Also from eq. 4.7.2.4, 
(eq.4.7.2.1I) 
and eq. 4.7.2.5, 
(eq.4.7.2.12) 
hence, 
(eq.4.7.2.13) 
and therefore, 
b= r. 
(1 + Kd\ + Kd3d + Kd2Kd3d) 
(eq.4.7.2.14) 
hence, 
(eq.4.7.2.15) 
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Rearranging and collecting the tenns to make d the subject, 
T2 (1 + KdJ + Kd3d + Kd2Kd3d) = d (1 + KdJ + Kd3d + Kd2Kd3d) + Kd2d (1 + KdJ + Kd3d + Kd2Kd3d) + Kd3TJd + Kd2Kd3dTJ 
(eq.4.7.2.16) 
T2 + KdJT2 + Kd3T2d + Kd2Kd3 T2d = d + KdJd + Kd3rf + Kd2Kd3rf + Kd2d + KdJKd2d + Kd2Kd3d2 +Kd/Kd3rf + Kd3TJd + 
Kd2Kd3dTJ 
(eq.4.7.2.17) 
This equation is in the fonn of a quadratic equation, 
(Kd3 + Kd2Kd3 + Kd2Kd3 + Kd/Kd3)d2 + (1 + Kd/ + Kd2 + KdJKd2 + Kd3TJ + Kd2Kd3TJ- Kd3T2 - Kd2Kd3T2)d - (T2 - KdJT2) = 0 
(eq.4.7.2.18) 
i.e. of the fonn, 
-B±~B2 -4AC 
x = ----'----
2A (eq.4.7.2.19) 
N 
\0 
00 
Therefore, 
x=d 
Hence, 
d= 
-(l+Kd\ +Kd' + Kd\Kd' + Kd,T, -Kd,T, -Kd,Kd,T,)± (l+Kd\ +Kd' + Kd\Kd' + Kd,T, -Kd,T, -Kd,Kd,T,)-4(Kd, + Kd,Kd, + Kd,Kd, + Kd,'Kd,)(T, -Kd\T,) 
2(Kd' + Kd,Kd, + Kd,Kd, + Kd,' Kd,) 
(eq.4.7.2.20) 
Therefore given d, and from equation 4.7.2.12, 
b = (d-T,-Kd,d) (Kd,d + Kd,Kd,d) 
and from earlier, 
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(eq.4.7.2.21) 
(eq.4.7.2.6) 
(eq.4.7.2.7) 
(eq.4.7.2.8) 
(eq.4.7.2.10) 
If the hypothesis is correct that the mineral surface exerts an effect on the europium 
even when saturated with humic acid then, 
[EU]sorb = [EU]mln + [EuHA]mln. (eq.4.7.2.25) 
i.e. [EU]sorb = a + f (eq.4.7.2.26) 
It is possible to calculate a predicted value for the total europium sorbed to the 
mineral (predicted [Eu]mmJ and compare it with the experimental observed value for 
europium sorbed to the solid phase(observed [EU]mln.). 
Table 4.7.2.3.1 and 4.7.2.3.2 show the montmorillonite binary system data for the 
determination of l(}J and](,a respectively. Graphs 4.7.2.3.1 and 4.7.2.3.2 illustrate the 
relationship between l(}J and the total europium concentration, and Kd2 and the total 
humic acid concentration added respectively. Table 4.7.2.3.3 shows the 
montmorillonite ternary system data including TJ (i.e. [EU]Total) and T2 (i.e. [HA]Total.) 
Table 4.7.2.3.4 shows the calculated values for a (i.e. [Eu]mlll., b (i.e. [EU]soln.), C (i.e. 
[HA]m,.), d (i.e. [HA]soln.), e (i.e. [EUHA]soln.) and f (i.e. [EuHA]mrn.) for the 
montmorillonite ternary system. Table 4.7.2.3.5 summarises the predicted and 
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observed [Eu ]mm. values and an observed / predicted ratio which relates the observed 
and the predicted values (Le. observed [Eu]mm. / predicted [Eu]mm.). If the observed / 
predicted ratio is equal to 1 then the predicted value, Le. from the additivity approach, 
describes exactly the observed values. 
Table 4.7.2.3.1 MontrnoriIlonite and europium binary system data for the 
determination of NI. 
[Euhotal [Eu]soln [Eu]mm 
K.!I (mol dm·3) (mol dm·3) (mol dm·3) 
1.00E-02 9.576E-03 4.243E-04 0.044 
1.00E-02 9.556E-03 4.441E-04 0.046 
7.50E-03 6.840E-03 6.603E-04 0.097 
7.50E-03 7.024E-03 4.762E-04 0.068 
5.00E-03 4.453E-03 5.47 I E-04 0.123 
5.00E-03 4.421E-03 5.789E-04 0.131 
2.50E-03 1.813E-03 6.871E-04 0.379 
2.50E-03 1.846E-03 6.538E-04 0.354 
1.00E-03 3.808E-04 6.192E-04 1.626 
1.00E-03 3.689E-04 6.311E-04 1.711 
7.50E-04 1.979E-04 5.521E-04 2.790 
7.50E-04 1.891E-04 5.609E-04 2.967 
5.00E-04 6.731E-05 4.327E-04 6.429 
5.00E-04 6.626E-05 4.337E-04 6.546 
2.50E-04 2.291E-05 2.271E-04 9.911 
2.50E-04 2.146E-05 2.285E-04 10.650 
1.00E-04 8.574E-06 9.143E-05 10.663 
1.00E-04 1.647E-05 8.353E-05 5.072 
7.50E-05 7.106E-06 6.789E-05 9.554 
7.50E-05 6.693E-06 6.831E-05 10.205 
5.00E-05 4.531E-06 4.547E-05 10.035 
5.00E-05 4.716E-06 4.528E-05 9.601 
2.50E-05 2.309E-06 2.269E-05 9.827 
2.50E-05 2.267E-06 2.273E-05 10.029 
1.00E-05 9.115E-07 9.088E-06 9.971 
1.00E-05 9.433E-07 9.057E-06 9.602 
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Table 4.7.2.3.2 Montmorillonite and humic acid binary system data for the 
determination of K,u. 
[HAhotal [HA]soln [HA]mm 
K,u 
(mol dm·3) (mol dm·3) (mol dm·3) 
2.650E-05 1.170E-05 1.480E-05 1.266 
2.650E-05 1.134E-05 1.516E-05 1.336 
5.300E-05 2.393E-05 2.907E-05 1.215 
5.300E-05 2.515E-05 2.785£005 1.107 
7.950E-05 3.951E-05 3.999E-05 1.012 
7.950E-05 4.024E-05 3.926E-05 0.976 
1.060£004 6.078E-05 4.522E-05 0.744 
1.060E-04 5.488E-05 5.112E-05 0.931 
1.325E-04 7.779E-05 5.471E-05 0.703 
1.325E-04 8.140E-05 5.1IOE-05 0.628 
1.855E-04 1.265E-04 5.899E-05 0.466 
1.855E-04 1.258E-04 5.974E-05 0.475 
2.650E-04 1.956E-04 6.942E-05 0.355 
2.650E-04 1.968E-04 6.820E-05 0.347 
3. 180E-04 2.376E-04 8.037E-05 0.338 
3. 180E-04 2.417E-04 7.632E-05 0.316 
3.975E-04 3.076E-04 8.988E-05 0.292 
3.975E-04 3.128E-04 8.471E-05 0.271 
4.770E-04 3.726E-04 1.044E-04 0.280 
4. 770E-04 3.736E-04 1.034E-04 0.277 
5.300E-04 4.343E-04 9.567E-05 0.220 
5.300E-04 4.307E-04 9.93IE-05 0.231 
6.095E-04 5.004E-04 1.091E-04 0.218 
6.095E-04 5.067E-04 1.028E-04 0.203 
6.890E-04 5.749E-04 1.141E-04 0.199 
6.890E-04 5.758E-04 1.132E-04 0.197 
7.950E-04 6.620E-04 1.330E-04 0.201 
7.950E-04 6.585£004 1.365E-04 0.207 
8.745E-04 7.630E-04 1.115E-04 0.146 
8.745E-04 7.666E-04 1.079E-04 0.141 
1.060E-03 9. 146E-04 1.454E-04 0.159 
1.060E-03 9.267E-04 1.333E-04 0.144 
1.325E-03 1.174E-03 1.510E-04 0.129 
1.325E-03 1.185E-03 1.399E-04 0.118 
1.590E-03 1.43IE-03 1.593E-04 0.111 
1.590E-03 1.437E-03 1.528E-04 0.106 
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Graph 4.7.2.3.1 Relationship between KiI and the total europium concentration. 
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Table 4.7.2.3.3 Montmorillonite humic acid and europium ternary system data. 
T2! [HA hotal [HA],oIn [HA]mm TI! [Eu hotal [EU]soIn [Eu]mm 
(mol dm-3) (mol dm-3) (mol dm-3) (mol dm-3) (mol dm-3) (mol dm-3) 
2.650E-05 1.758E-05 8.917E-06 3.684E-08 6.080E-09 3.076E-08 
2.650E-05 1. 830E-05 8.201E-06 3.674E-08 7.500E-09 2.924E-08 
5.300E-05 3.010E-05 2.290E-05 3.688E-08 1.295E-08 2.393E-08 
5.300E-05 3.264E-05 2.036E-05 3.590E-08 1.352E-08 2.238E-08 
7.950E-05 4.568E-05 3.382E-05 3.706E-08 1.669E-08 2.037E-08 
7.950E-05 5.003E-05 2.947E-05 3619E-08 1.879E-08 1.740E-08 
1.060E-04 6.659E-05 3.941E-05 3.652E-08 2.141E-08 1.510E-08 
1.060E-04 6.606E-05 3.994E-05 3.626E-08 2.021E-08 1.605E-08 
1.325E-04 8.755E-05 4.495E-05 3.619E-08 2.267E-08 1.352E-08 
1.325E-04 8.894E-05 4.356E-05 3.637E-08 2.364E-08 1.273E-08 
1.855E-04 1.339E-04 5.158E-05 3.623E-08 2.570E-08 1.053E-08 
1.855E-04 1.346E-04 5.086E-05 3.652E-08 2.606E-08 1.046E-08 
2.650E-04 2.011E-04 6.392E-05 3.630E-08 2.681E-08 9.486E-09 
2.650E-04 2.090E-04 5.605E-05 3.659E-08 2.757E-08 9.020E-09 
3_180E-04 2.454E-04 7.256E-05 3.630E-08 2.850E-08 7.800E-09 
3.180E-04 2.504E-04 6.756E-05 3.655E-08 2.965E-08 6.901£-09 
3.975E-04 3.219E-04 7.563E-05 3.608E-08 2.941E-08 6.675E-09 
3.975E-04 3.279E-04 6.962E-05 3.634E-08 2.992E-08 6.413E-09 
4.770E-04 3.781£-04 9.891£-05 3.637E-08 2.948E-08 6.893E-09 
4.770E-04 3.856E-04 9.140E-05 3.648E-08 2.998E-08 6.500E-09 
5.300E-04 4.395E-04 9.046E-05 3.666E-08 3. 114E-08 5.523E-09 
5.300E-04 4.452E-04 8.482E-05 3.616E-08 3.141E-08 4.744E-09 
6.095E-04 5.108E-04 9.865E-05 3.634E-08 3.156E-08 4.773E-09 
6.095E-04 5. 189E-04 9.055E-05 3.641E-08 3.220E-08 4.211£-09 
6.890E-04 5.901£-04 9.889E-05 3.619E-08 3.285E-08 3.347E-09 
6.890E-04 5.878E-04 1.0 12E-04 3.630E-08 3.318E-08 3. 116E-09 
7.950E-04 6.831E-04 1.119E-04 3.634E-08 3.254E-08 3.802E-09 
7.950E-04 6.927E-04 1.023E-04 3.616E-08 3.290E-08 3.254E-09 
8.745E-04 7.757E-04 9.885E-05 3.623E-08 3.148E-08 4.744E-09 
8.745E-04 7.787E-04 9.584E-05 3.666E-08 3.204E-08 4627E-09 
1.060E-03 9.326E-04 1.274E-04 3.648E-08 3.282E-08 3.660E-09 
1.060E-03 9.453E-04 1.147E-04 3.630E-08 3.327E-08 3.031£-09 
1.325E-03 1.183E-03 1.417E-04 3.634E-08 3.305E-08 3.289E-09 
1.325E-03 1.206E-03 1.190E-04 3.663E-08 3.433E-08 2.300E-09 
1.590E-03 1.441E-03 1.487E-04 3.612E-08 3.274E-08 3.381£-09 
1.590E-03 1.458E-03 1.318E-04 3.576E-08 3.308E-08 2.682E-09 
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Table 4.7.2.3.4 MontmoriIlonite ternary system - Summary of values calculated for 
a, b, c, d, e, and f. 
a b c d e f 
[Eu]mm [EU],oln [HA]ffiln [HA],oln [HAEU]soln [HAEu]mm 
1.007E-I0 1.0S0E-ll l.478E-OS 1.089E-OS 2.182E-08 2.763E-08 
1.004E-1O 1.047E-ll l.S13E-OS 1.0S7E-OS 2.110E-08 2.820E-08 
4.982E-ll S.194E-12 2.904E-OS 2.296E-OS 2.210E-08 2.68SE-08 
4.886E-ll S.093E-12 2.782E-OS 2.413E-OS 2.278E-08 2.S22E-08 
3.32lE-ll 3.462E-12 3.997E-OS 3.837E-OS 2.433E-08 2.463E-08 
3.262E-ll 3.400E-12 3.924E-OS 3.908E-OS 2.434E-08 2.37SE-08 
2.4S9E-ll 2.S63E-12 4.S20E-OS S.942E-OS 2.772E-08 2.062E-08 
2.443E-ll 2.S47E-12 S.109E-OS S.36SE-OS 2.487E-08 2.316E-08 
1.9S0E-ll 2.032E-12 S.469E-OS 7.636E-OS 2.813E-08 1.979E-08 
1.9S8E-ll 2.04lE-12 5.108E-05 7.99 lE-OS 2.957E-08 1.8S6E-08 
1.39lE-ll 1.4S0E-12 5.S98E-OS 1.248E-04 3.26SE-OS 1.523E-08 
1.400E-ll 1.459E-12 5.973E-OS 1.24lE-04 3.266E-08 1.5S1E-08 
9.735E-12 1.01SE-12 6.941E-OS 1.937E-04 3.532E-08 1.2S4E-08 
9.795E-12 1.021E-12 6.819E-OS 1.949E-04 3.S76E-08 1.239E-08 
8.104E-12 8.448E-13 8.036E-05 2.3S7E-04 3.S73E-OS 1.208E-08 
8.148E-12 8.494E-13 7.630E-05 2.398E-04 3.6S3E-08 1.lS4E-08 
6.447E-12 6.721E-13 8.987E-OS 3.0S6E-04 3.680E-08 1.07SE-08 
6.482E-12 6.7S7E-13 8.470E-05 3.108E-04 3.762E-08 1.019E-08 
S.40lE-12 5.63lE-13 1.044E-04 3.70SE-04 3.734E-08 1.047E-08 
S.414E-12 S.643E-13 1.033E-04 3.716E-04 3.753E-08 1.038E-08 
4.890E-12 5.097E-13 9.566E-OS 4.322E-04 3.940E-08 8.679E-09 
4.838E-12 5043E-13 9.930E-05 4.286E-04 3.866E-08 8.914E-09 
4.22lE-12 4.400E-13 1.091E-04 4.983E-04 3.919E-08 8.546E-09 
4.228E-12 4.407E-13 1.028E-04 5.045E-04 3.974E-08 8.06SE-09 
3.721E-12 3.879E-13 1.l41E-04 S.727E-04 3.969E-08 7.880E-09 
3.730E-12 3.888E-13 1. 132E-04 5.736E-04 3.985E-08 7.834E-09 
3.234E-12 3.371E-13 1.330E-04 6.598E-04 3.972E-08 7.982E-09 
3.221E-12 3.3S8E-13 1.36SE-04 6.563E-04 3.936E-08 8.1S9E-09 
2.933E-12 3.057E-13 1.1 15E-04 7.608E-04 4.152E-08 6.066E-09 
2.959E-12 3.08SE-13 1.079E-04 7.643E-04 4.209E-08 S.926E-09 
2.431E-12 2.534E-13 1.454E-04 9.123E-04 4.126E-08 6.560E-09 
2.422E-12 2.52SE-13 l.333E-04 9.244E-04 4.164E-08 5.99lE-09 
1.938E-12 2.021E-13 l.S1 OE-04 1.172E-03 4.222E-08 5.432E-09 
1.950E-12 2.033E-13 l.399E-04 1.183E-03 4.288E-08 S.06lE-09 
1.607E-12 1.676E-13 l.S93E-04 1.428E-03 4.267E-08 4.750E-09 
1.595E-12 1.663E-13 l.S28E-04 1.43SE-03 4.2S4E-08 4.522E-09 
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Table 4.7.2.3.5 Predicted and observed values for montmorillonite ternary system for 
europium sorbed to rnontmorillonite. 
[EU]mm [Eu]mm Observed! 
Predicted Observed Predicted 
(mol dm·3) (mol dm·3) Ratio 
2.773E-OS 3.076E-OS 1.11 
2.S30E-OS 2.924E-OS 1.03 
2.690E-OS 2.393E-OS 0.S9 
2.527E-OS 2.23SE-OS 0.S9 
2A66E-OS 2.037E-OS 0.S3 
2.37SE-OS 1.740E-OS 0.73 
2.065E-OS 1.510E-OS 0.73 
2.31 SE-OS 1.605E-OS 0.69 
1.9SlE-OS 1.352E-OS 0.6S 
l.S5SE-OS 1.273E-OS 0.69 
1.524E-OS 1.053E-OS 0.69 
1.553E-OS 1.046E-OS 0.67 
1.255E-OS 9AS6E-09 0.76 
1.240E-OS 9.020E-09 0.73 
1.209E-OS 7.S00E-09 0.65 
1.154E-OS 6.90 1 E-09 0.60 
1.076E-OS 6.675E-09 0.62 
1.019E-OS 6.413E-09 0.63 
1.047E-OS 6.S93E-09 0.66 
1.039E-OS 6.500E-09 0.63 
S.6S4E-09 5.523E-09 0.64 
S.919E-09 4.744E-09 0.53 
S.550E-09 4.773E-09 0.56 
S.069E-09 4.211E-09 0.52 
7.SS4E-09 3.347E-09 0042 
7.S37E-09 3.116E-09 0040 
7.9S5E-09 3.S02E-09 OAS 
S.162E-09 3.254E-09 0040 
6.069E-09 4.744E-09 0.7S 
5.929E-09 4.627E-09 0.7S 
6.563E-09 3.660E-09 0.56 
5.994E-09 3.031E-09 0.51 
5.434E-09 3.2S9E-09 0.61 
5.063E-09 2.300E-09 0045 
4.752E-09 3.3S1E-09 0.71 
4.524E-09 2.6S2E-09 0.59 
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Table 4.7.2.3.6 and 4.7.2.3.7 show the kaolin binary system data for the determination 
of KdJ and K,a respectively. Graphs 4.7.2.3.3 and 4.7.2.3.4 illustrate graphically the 
relationship between Kdl and the total europiwn concentration, and K,a and the total 
hwnic acid concentration added respectively. Table 4.7.2.3.8 shows the kaolin 
ternary system data including TI (i.e. [EU]rOlal) and T2 (i.e. [.l:l4]rotal). Table 4.7.2.3.9 
shows the calculated values for a I (i.e. [Eu]mm., b (i.e. [EU]soln.), C (i.e. [.l:l4]mln.), d (i.e. 
[.l:l4]soln.), e (i.e. [Eu.l:l4]soln) and f (i.e. [Eu.l:l4]mln.) for the kaolin ternary system. 
Table 4.7.2.3.10 surmnaries the predicted and observed [EU]mln. values and the 
observed I predicted ratios. 
Table 4.7.2.3.6 Kaolin and europiwn binary system data for the determination of NI 
[Euhotal [EU],oln [Eu]mm 
K.!I (mol dm-3) (mol dm-3) (mol dm-3) 
1.00E-03 9.0S0E-04 9.496E-OS 0.1 OS 
1.00E-03 8.83SE-04 1.l6SE-04 0.132 
7.S0E-04 6.192E-04 1.308E-04 0_211 
7.S0E-04 6.349E-04 l.lS1E-04 0.181 
S.00E-04 3.747E-04 L2S3E-04 0.334 
S.00E-04 3.84SE-04 l.lSSE-04 0.300 
2.S0E-04 1.1S8E-04 1.342E-04 1.1S8 
2.S0E-04 1.1SIE-04 1.349E-04 1.173 
7.S0E-OS L444E-OS 6.0S6E-OS 4.19S 
7.50E-OS l.464E-OS 6.036E-OS 4.123 
S.OOE-OS LOS1E-OS 3.949E-OS 3_760 
S.OOE-OS 9.343E-06 4.066E-OS 4.3S2 
2.50E-OS 7.813E-06 L719E-OS 2200 
2.50E-OS 7.684E-06 L732E-OS 2.2S4 
1.00E-OS 3.422E-06 6.S78E-06 L922 
1.00E-OS 3.21OE-06 6.790E-06 2.11S 
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Table 4.7.2.3.7 Kaolin and humic acid binary system data for the determination of 
K,a. 
[HAhotal [HA]soln [HA]mlD 
K.i2 (mol dm·3) (mol dm·3) (mol dm·3) 
2.650E-05 l.382E-05 1.268E-05 0.918 
2.650E-05 l.346E-05 l.304E-05 0.969 
5.300E-05 3.619E-05 1.681E-05 0.464 
5.300E-05 2.900E-05 2.400E-05 0.827 
7.950E-05 4.497E-05 3.453E-05 0.768 
7.950E-05 4.393E-05 3.557E-05 0.810 
1.060E-04 6.617E-05 3.983E-05 0.602 
1.060E-04 6.275E-05 4.325E-05 0.689 
l.325E-04 8.944E-05 4.306E-05 0.482 
l.325E-04 8.666E-05 4.584E-05 0.529 
1.855E-04 1.365E-04 4.898E-05 0.359 
1.855E-04 1.36IE-04 4.936E-05 0.363 
2.650E-04 2.092E-04 5.578E-05 0.267 
2.650E-04 2.070E-04 5.805E-05 0.280 
3.180E-04 2.576E-04 6.038E-05 0.234 
3.180E-04 2.547E-04 6.330E-05 0.249 
3.975E-04 3.430E-04 5.451E-05 0.159 
3.975E-04 3.339E-04 6.356E-05 0.190 
4.770E-04 4.021E-04 7.490E-05 0.186 
4.770E-04 4.024E-04 7.459E-05 0.185 
5.300E-04 4.579E-04 7.207E-05 0.157 
5.300E-04 4.570E-04 7.304E-05 0.160 
6.095E-04 5.383E-04 7.125E-05 0.132 
6.095E-04 5.363E-04 7.318E-05 0.136 
6.890E-04 6.103E-04 7.867E-05 0.129 
6.890E-04 6.124E-04 7.658E-05 0.125 
7.950E-04 7.11IE-04 8.387E-05 0.118 
7.950E-04 7.062E-04 8.880E-05 0.126 
8.745E-04 8.082E-04 6.632E-05 0.082 
8.745E-04 7.979E-04 7.657E-05 0.096 
1.060E-03 9.664E-04 9.358E-05 0.097 
1.060E-03 9.727E-04 8.731E-05 0.090 
l.325E-03 1.228E-03 9.689E-05 0.079 
1.325E-03 1.229E-03 9.603E-05 0.078 
1.590E-03 1.513E-03 7.737E-05 0.051 
1.590E-03 1.501E-03 8.912E-05 0.059 
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Graph 4.7.2.3.3 Relationship between KdI and the total europium concentration. 
Kd1 with respect to [Eulrotal for 
Kaolin Binary System Data 
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Table 4.7.2.3.S Kaolin humic acid and europium ternary system data. 
T2/ [HA hota! [HA]soln [HA]mm TJ / [Euhota! [EU]'oln [Eu]mm 
(mol dm'3) (mol dm'3) (mol dm'3) (mol dm'3) (mol dm'3) (mol dm'3) 
2.650E,05 1.6l5E,05 1.035E-05 3.5S7E-OS 6.333E-09 2.953E-OS 
2.650E-05 1.615E-05 1.035E-05 3.612E-OS 6.972E-09 2.915E-OS 
5.300E-05 2.S66E-05 2.434E-05 3.619E-OS 1.051E-OS 2.56SE-OS 
5.300E-05 2.S70E-05 2.430E-05 3.616E-OS 9.172E-09 2.69SE-OS 
7.950E-05 4.777E-05 3.173E-05 3.637E-OS 1.363E-OS 2.274E-OS 
7.950E-05 4.665E-05 3.2S5E-05 3.619E-OS 1.374E-OS 2.245E-OS 
1.060E-04 6.310E-05 4.290E-05 3.59SE-OS 1.4S4E-OS 2.113E-OS 
1.060E-04 6.4S9E-05 4.111E-05 3.659E-OS 1.606E-OS 2.053E-OS 
1.325E-04 S.799E-05 4.451E-05 3.536E-OS 1.S99E-OS 1.637E-OS 
1.325E-04 S.727E-05 4.523E-05 3.634E-OS 1.S69E-OS 1.765E-OS 
l.S55E-04 1.344E-04 5.111E-05 3.645E-OS 2.144E-OS 1.501E-OS 
l.S55E-04 1.3S9E-04 4.662E-05 3.637E-OS 2.15lE-OS 1.4S7E-OS 
2.650E-04 2.0S6E-04 5.643E-05 3.64 lE-OS 2.51 SE-OS 1.123E-OS 
2.650E-04 2.10SE-04 5.423E-05 3.706E-OS 2.647E-OS 1.059E-OS 
3.1S0E-04 2.532E-04 6.4S3E-05 3.655E-OS 2.5S6E-OS 1.070E-OS 
3.1S0E-04 2.600E-04 5.S0lE-05 3.674E-OS 2.757E-OS 9.166E-09 
3.975E-04 3.340E-04 6.350E-05 3.674E-OS 2.S6SE-OS S.054E-09 
3.975E-04 3.291E-04 6.S41E-05 3.637E-OS 2.534E-OS 1.103E-OS 
4.770E-04 3.979E-04 7.910E-05 3.64SE-OS 2.747E-OS 9.00SE-09 
4.770E-04 4.062E-04 7.07SE-05 3.692E-OS 2.955E-OS 7.362E-09 
5.300E-04 4.596E-04 7.041E-05 3.652E-OS 3.0S4E-OS 56S0E-09 
5.300E-04 4.66lE-04 6.3S9E-05 3.666E-OS 3.061E-OS 6054E-09 
6.095E-04 5.313E-04 7.S15E-05 3.626E-OS 3.123E-OS 5.034E-09 
6.095E-04 5.431E-04 6.639E-05 3.6S4E-OS 3.147E-OS 5.372E-09 
6.S90E-04 6.090E-04 7.996E-05 3.663E-OS 3.049E-OS 6.140E-09 
6.S90E-04 6. 1 SSE-04 7.021E-05 3.655E-OS 3.114E-OS 5.415E-09 
7.950E-04 7. 166E-04 7.S41E-05 3.612E-OS 3.144E-OS 4.6S3E-09 
7.950E-04 7.155E-04 7.946E-05 3.634E-OS 3.159E-OS 4.744E-09 
S.745E-04 7.930E-04 S.149E-05 3.637E-OS 3.0S0E-OS 5.576E-09 
S.745E-04 S.017E-04 7.2S0E-05 3.601E-OS 3.1S2E-OS 4.194E-09 
1.060E-03 9.671E-04 9.2SSE-05 3.71OE-OS 3.303E-OS 4.064E-09 
1.060E-03 9.769E-04 S.30SE-05 3.655E-OS 3.251E-OS 4.040E-09 
1.325E-03 1.239E-03 S.594E-05 3.674E-OS 3.290E-OS 3.S3SE-09 
1.325E-03 1.243E-03 S.229E-05 3.637E-OS 3.399E-OS 2.3S5E-09 
1.590E-03 1.503E-03 S.6S0E-05 3.695E-OS 3.462E-OS 2.335E-09 
1.590E-03 1.509E-03 S.120E-05 3.616E-OS 3.2S2E-OS 3.337E-09 
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Table 4.7.2.3.9 Kaolin ternary system - Summary of values calculated for a, b, c, d, e 
andf. 
a b c d e f 
[Eu]mm [EU],ol. [HA]mm. [HA],ol. [HAEu],oln [HAEU]mm 
3.307E-ll 1.062E-ll 1.47BE-OS 1.06SE-OS 2.206E-OB 2.793E-OB 
3.296E-ll 1.0SBE-ll 1.513E-OS 1.033E-OS 2.132E-OB 2.BSOE-OB 
1.624E-ll S.213E-12 2.904E-OS 2.2BOE-OS 2.21BE-OB 2.69SE-OB 
l.S92E-ll S.1l2E-12 2.7B2E-OS 2.397E-OS 2.2B7E-OB 2.S32E-OB 
1.0BOE-ll 3.469E-12 3.997E-OS 3.B2SE-OS 2.43BE-OB 2.46BE-OB 
1.061E-ll 3.407E-12 3.924E-OS 3.B9SE-OS 2.439E-OB 2.3 BOE-OB 
7.996E-12 2.567E-12 4.S20E-OS S.93 lE-OS 2.776E-OB 2.06SE-OB 
7.942E-12 2.5S0E-12 S.109E-OS S.3SSE-OS 2.490E-OB 2.319E-OB 
6.337E-12 2.034E-12 S.469E-OS 7.627E-OS 2.BI6E-OB 1.9BIE-OB 
6.364E-12 2.043E-12 S.10BE-OS 7.9B2E-OS 2.9S9E-OB 1.8SBE-OB 
4.S21E-12 1.4S1E-12 S.B9BE-OS 1.247E-04 3.267E-OB 1.524E-OB 
4.S4BE-12 1.460E-12 S.973E-OS 1.240E-04 3.26BE-OB 1.5S2E-OB 
3.162E-12 1.01SE-12 6.941E-OS 1.937E-04 3.S33E-OB 1.2S4E-OB 
3.1B2E-12 1.02lE-12 6.BI9E-OS 1.949E-04 3.S77E-OB 1.240E-OB 
2.632E-12 B.4S0E-13 B.036E-OS 2.3S7E-04 3.S74E-OB 1.209E-OB 
2.646E-12 B.496E-13 7.630E-OS 2.397E-04 3.6S4E-OB 1.1S4E-OB 
2.094E-12 6.722E-13 B.9B7E-OS 3.0S6E-04 3.6BOE-OB 1.07SE-OB 
2.10SE-12 6.7S9E-13 B.470E-OS 3.107E-04 3.762E-OB 1.019E-OB 
1.754E-12 S.63lE-13 1.044E-04 3.705E-04 3.734E-OB 1.047E-OB 
1.75BE-12 S.644E-13 1.033E-04 3.716E-04 3.754E-OB 1.03 BE-OB 
1.5BBE-12 S.09BE-13 9.566E-05 4.322E-04 3.94lE-OB 8.6BOE-09 
l.S71E-12 S.044E-13 9.930E-OS 4.2B6E-04 3.B66E-OB 8.915E-09 
1.371E-12 4.40lE-13 1.09lE-04 4.9B2E-04 3.919E-OB 8.547E-09 
1.373E-12 4.407E-13 1.02BE-04 S.045E-04 3.975E-OB 8.066E-09 
1.20BE-12 3.BBOE-13 1.14lE-04 S.727E-04 3.970E-OB 7.BBIE-09 
1.211E-12 3.BBBE-13 1.132E-04 S.736E-04 3.9B5E-OB 7.B34E-09 
1.050E-12 3.37lE-13 1.330E-04 6.59BE-04 3.972E-OB 7.9B2E-09 
1.046E-12 3.35BE-13 1.365E-04 6.563E-04 3.936E-OB 8.1S9E-09 
9.523E-13 3.057E-13 1.115E-04 7.607E-04 4.1S2E-OS 6.066E-09 
9.610E-13 3.0S5E-13 1.079E-04 7.643E-04 4.210E-OS 5.926E-09 
7.S95E-13 2.S34E-13 1.4S4E-04 9. 123E-04 4.126E-OS 6.560E-09 
7.S65E-13 2.S25E-13 1.333E-04 9.244E-04 4.165E-OS 5.99lE-09 
6.294E-13 2.02lE-13 l.S10E-04 1.172E-03 4.222E-OS 5.432E-09 
6.333E-13 2.033E-13 1.399E-04 1.1S3E-03 4.2SSE-OS S.06lE-09 
5.220E-13 1.676E-13 1.593E-04 1.42SE-03 4.267E-OS 4.751E-09 
S.1S0E-13 1.663E-13 1.52SE-04 1.435E-03 4.254E-OS 4.522E-09 
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Table 4.7.2.3.10 Predicted and observed values for kaolin ternary system for 
europium sorbed to kaolin. 
[EU]mm [Eu]mm Observed! 
Predicted Observed Predicted 
(mol dro·3) (mol dro'3) Ratio 
2.796E-OS 2.953E-OS 1.06 
2.S53E-OS 2.9l5E-OS 1.02 
2.696E-OS 2.56SE-OS 0.95 
2.533E-OS 2.69SE-OS 1.07 
2.469E-OS 2.274E-OS 0.92 
2.3S1E-OS 2.245E-OS 0.94 
2.066E-OS 2.113E-OS 1.02 
2.320E-OS 2.053E-OS 0.S9 
1.9S1E-OS 1.637E-OS 0.83 
I.S5SE-OS 1.765E-OS 0.95 
1.524E-08 1.501E-OS 0.9S 
1.553E-OS I.4S7E-OS 0.96 
1.254E-OS 1.123E-OS 0.90 
1.240E-OS 1.059E-OS 0.S5 
1.209E-08 1.070E-OS 0.S8 
1.154E-OS 9.166E-09 0.79 
1.076E-OS 8.054E-09 0.75 
1.019E-08 1.103E-08 1.08 
1.047E-OS 9.008E-09 0.S6 
1.03SE-OS 7.362E-09 0.71 
S.6S2E-09 5.680E-09 0.65 
S.917E-09 6.054E-09 0.68 
S.54SE-09 5.034E-09 0.59 
S.067E-09 5.372E-09 0.67 
7.882E-09 6.140E-09 0.78 
7.835E-09 5.4l5E-09 0.69 
7.9S3E-09 4.683E-09 0.59 
8.160E-09 4.744E-09 0.58 
6.067E-09 5.576E-09 0.92 
5.927E-09 4. 194E-09 0.71 
6.561E-09 4.064E-09 0.62 
5.992E-09 4.040E-09 0.67 
5.433E-09 3.838E-09 0.71 
5.062E-09 2.385E-09 0.47 
4.751E-09 2.335E-09 0.49 
4.523E-09 3.337E-09 0.74 
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The predicted I observed ratio varied from 1.1 at low humic acid concentration to 0.4 
for high humic acid concentrations for the montmorillonite ternary system and from 
1.0 at low humic acid concentration to 0.5 for high humic acid concentrations for the 
kaolin ternary systems. Thus suggesting that the additivity model only described the 
ternary system at low humic acid loadings (Le. humic acid I mineral ratio = 0.2) for 
both montmorillonite and kaolin. At high humic acid loadings (Le. humic acid I 
mineral ratio = 2.5) the model cannot describe the ternary system, predicting larger 
amounts of sorbed europium than observed. As the humic acid coating increases on 
the mineral surface this may limit the penetration of the europium to the mineral and 
through the humic acid coating. 
Figures 4.7.2.3.5 and 4.7.2.3.6 illustrate graphically the differences between the 
observed and predicted europium sorption for montmorillonite and kaolin 
respectively. The graphs show that, although the model does not exactly predict the 
europium sorption values, the shape of the curves are similar to the observed values 
but displaced up the y-axis. Further analysis of the additivity model parameters found 
that increasing the /(u (stability constant) to 2 x 109 enabled a closer fit for the 
predicted values (see figures 4.7.2.3.7 and 4.7.2.3.8). However at low humic acid 
concentration the additivity model predictions underestimate the europium sorption 
for both montmorillonite and kaolin. 
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Figure 4.7.2.3 .5 Observed europIUm sorption and additivity model predicted 
europium sorption to montmorillonite. 
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Figure 4.7.2.3.6 Observed europIUm sorption and additivity model predicted 
europium sorption to kaolin. 
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Figure 4.7.2.3.7 Observed europIUm sorption and additivity model predicted 
europIUm sorption to montmorillonite with adjustment to K d3 
parameter. 
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Figure 4.7.2.3.8 Observed europium sorption and additivity model predicted 
europium sorption to kaolin with adjustment to Kd3 parameter. 
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4.7.2.4 Summary 
In conclusion the investigation found that more europium-152 was sorbed to the solid 
phase than expected at low humic acid concentration, when giving consideration only 
to the humic acid distribution between the solid and aqueous phase. 
The proposed hypotheses for this effect were either i) the humic acid sorbed to the 
mineral has a greater affmity for the europium, or ii) the mineral surface still exerted 
an effect on the europium even when saturated with humic acid. To investigate the 
europium / mineral effect, an additivity approach was used which considered the 
humic acid / mineral distribution, the europium / mineral distribution and the humic 
acid-europium complexation from the appropriate binary systems. 
From the additivity model predictions, there was slight evidence of enhanced sorption 
of europium at very low humic acid concentrations (c.a 5 mg dro'3) in comparison to 
the observed values, but the results were not conclusive. At intermediate 
concentrations (c.a 15 mg dro'3) the europium sorption was accounted for by the 
additivity approach. At high humic acid concentrations i.e. high humic coatings, (c.a. 
200 mg dro'3) europium sorption the observed values were less than predicted by the 
additivity modeL This maybe explained by the humic acid coating limiting sorption 
to the mineral surface and the humic acid coating itself. 
Therefore neither the use of humic acid distribution or the additivity model accurately 
described the observed europium sorption over the complete humic acid range (i.e. 5 
mg dro'3 - 300 mg dro'\ The humic acid distribution predictions fail to estimate the 
effect exerted by the mineral at low humic acid coatings, whereas the additivity model 
overestimates the influence of the mineral and does not consider the effect of the 
humic coating at high humic acid concentrations," 
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4.7.3 Order of Addition of Ternary System Components 
A further investigation into the ternary system, was undertaken to examine the effect 
of hwnic acid I europium-152 distribution with respect to which system component 
was pre-equilibrated with the solid. 
4.7.3.1 Procedure 
Humic acid concentrations of 10 mg dm-3, 50 mg dm-3 and 100 mg dm-3 were selected 
to represent three areas of the hwnic acid sorption isotherms_ The solids examined 
were montmorilIonite, kaolin and Drigg sand (0.1 g)_ The experiments were divided 
into three sections. Controls were prepared for each section containing no solid_ The 
buffer solution was used as a baseline for the absorbance measurements_ Table 
4.7.3_1 summarises the stages and volumes of solutions used for this experiment. 
Procedure Section i) 
For section i), the solids were initially contacted with humic acid I buffer solutions of 
11.1 mg dm-3, 55.5 mg dm-3 and 111.1 mg dm-3 hwnic acid (17 cm3)_ The samples 
were mixed and equilibrated for 7 days_ After the first equilibration period, a 
europium-152 spike (c.a. 1600 Bq; 0.1 cm3) and buffer solution (3 cm3) were added to 
the samples to give a fmal volume of20 cm3 and hwnic acid concentrations of 10 mg 
dm-3, 50 mg dm-3 and 100 mg dm-3• The samples were re-mixed and equilibrated for 
a further 7 days. After equilibration the samples were filtered, the absorbance 
measured at 350 om, and the ganuna activity determined. 
Procedure Section ii) 
For section ii), the solids were initially contacted with a europium-152 spike (c.a 
1600 Bq; 0.1 cm3) and buffer solution (17 cm\ The samples were mixed and 
equilibrated for 7 days. After the first equilibration period, hwnic acid spike solutions 
of 1000 mg dm-3 (2 cm3) for the 100 mg dm-3 hwnic acid samples, 1000 mg dm-3 (l 
cm3) for the 50 mg dm-3 hwnic acid samples and 100 mg dm-3 (2 cm3) for the 10 mg 
dm-3 humic acid samples plus an appropriate amount of buffer, (1 to 2 cm\ were 
added to the samples to give a fmal volume of 20 cm3• The samples were re-mixed 
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and equilibrated for a further 7 days. After equilibration the samples were filtered and 
the absorbance measured at 350 nm and the gamma activity determined. 
Procedure Section iii) 
For section iii), the solids were contacted with humic acid / buffer solutions of ILl 
mg dm·3, 55.5 mg dm·3 and lILl mg dm-3 humic acid (17 cm\ europium-152 spike 
(c.a 1600 Bq; 0.1 cm3) and buffer solution (3 cm3) to give a total volume of20 cm3• 
The samples were mixed and equilibrated for 14 days. After 7 days the samples were 
re-mixed to reflect the treatment of the samples in sections i) and ii). After 
equilibration the samples were filtered and the absorbance measured at 350 nm and 
the gamma activity determined. 
Table 4.7.3.1 Summary of the stages and volumes of solutions used for each section 
of this experiment. 
First Equilibration Second Equilibration 
Section i) 17 cm3 Humic Acid Solutions 
0.1 cm3 Europium spike 
3 cm3 Buffer Solution 
Section ii) 
0.1 cm3 Europium spike 
17 cm3 Humic Acid Spikes 
17 cm3 Buffer Solution 
17 cm' Humic Acid Solutions 
Section iii) 0.1 cm3 Europium spike -
3 cm3 Buffer Solution 
4.7.3.2 Results and Discussion 
Tables 4.7.3.1 to 4.7.3.3 summarises the percentage distribution of humic acid and 
europium-152 for each section for the solids montmorillonite, kaolin and Drigg sand 
respectively. 
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Table4.7.3.l Summary of the percentage distribution of humic acid and europium-
152 for montmorillonite. 
Experiment Humic Acid Conc. % HA in Solution % IS2Eu in Solution 
Section i) 54 37 
Section ii) 10mgdm·3 84 59 
Section iii) 53 39 
Section i) 75 75 
Section ii) 50 mgdm·3 91 86 
Section iii) 76 78 
Section i) 82 83 
Section ii) 100 mg dm·3 91 90 
Section iii) 82 84 
Table4.7.3.2 Summary of the percentage distribution of humic acid and europium-
152 for kaolin. 
Experiment Humic Acid Conc. % HA in Solution % IS2Eu in Solution 
Section i) 26 19 
Section ii) 10mgdm·3 34 16 
Section iii) 25 15 
Section i) 72 61 
Section ii) 50 mgdm·3 80 53 
Section iii) 72 59 
Section i) 84 78 
Section ii) 100 mg dm·3 87 69 
Section iii) 82 78 
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Table 4.7.3.3 Summary of the percentage distribution of humic acid and europium-
152 for Drigg sand. 
Experiment Humic Acid Cone. % HA in Solution % 152Eu in Solution 
Section i) 79 75 
Section ii) 10mgdm-3 85 54 
Section iii) 73 69 
Section i) 93 94 
Section ii) 50mgdro·3 96 79 
Section iii) 93 92 
Section i) 94 94 
Section ii) 100mgdro-3 96 85 
Section iii) 95 98 
Figures 4.7.3.1 to 4.6.3.9 illustrate the results graphically. 
The results show that similar humic acid and europium sorption trends are 
demonstrated for all three solids. 
For samples in section i) and iii) either a slightly larger percentage of humic acid 
remained in solution compared to the europium-152 or the approximately the same 
amount of humic acid and europium-l 52 remain in solution. For the 10 mg dro·3 
humic acid samples, for all three solids a higher percentage of humic acid is sorbed to 
the solids than europium-152. For the montrnorillonite samples this increase is 
between 14 and 17 percent, for the kaolin samples between 7 and 10 percent and for 
the Drigg sand samples between 2 and 4 percent. For the 50 mg dro·3 humic acid 
samples, the montrnorillonite and Drigg sand samples, demonstrate approximately the 
same percentage of humic acid was sorbed to the solids as europium-152. For the 
kaolin samples a higher percentage, between 11 and 13 percent, of humic acid is 
sorbed to the solids than europium-I 52. For the lOO mg dro°3 humic acid samples, 
again the montrnorillonite and Drigg sand samples, demonstrate approximately the 
same percentage of humic acid was sorbed to the solids as europium-152. For the 
kaolin samples a higher percentage, between 4 and 6 percent, of humic acid is sorbed 
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to the solids than europium-152. Therefore the percentage difference between the 
humic acid and europium-152 sorbed decreases with increasing humic acid 
concentration. 
For samples in section ii), the results demonstrate that a higher percentage of humic 
acid remained in solution compared to the conditions in sections i) and iii). This 
percentage increase in humic acid in solution, decreases as the humic acid sample 
concentration increases. The effect is greater for rnontmorillonite, than kaolin and 
finally the Drigg sand. For the 10 mg dm·3 sample there is a 30 percent increase for 
the montmorillonite samples, an 8 percent increase for the kaolin samples, and a 9 
percent increase for the Drigg sand samples. For the 50 mg dm·3 sample there is a 15 
percent increase for the montmorillonite samples, an 8 percent increase for the kaolin 
samples, and a 3 percent increase for the Drigg sand samples. For the 100 mg dm·3 
sample there is a 9 percent increase for the montmorillonite samples, a 4 percent 
increase for the kaolin samples, and a 1 percent increase for the Drigg sand samples. 
When comparing the percentage of humic acid and europium-152 in solution, the 
montmorillonite and Drigg sand demonstrate a simtlar trend to the samples in sections 
i) and ii), in that the percentage difference between the humic acid and europium-152 
sorbed decreases with increasing humic acid concentration. For the kaolin samples 
the difference between the percentage humic acid and europium-152 sorbed changes 
from 18 percent for the 10 mg dm·3 samples, 27 percent for the 50 mg dm·3 samples 
and 18 percent for the 100 mg dm·3 samples. 
In conclusion, the results showed that for samples where either, the humic acid was 
pre-equilibrated with the solid before the addition of europium-152 or, both humic 
acid and europium-152 were added together, either, a slightly larger percentage of 
humic acid remained in solution compared to the europium-152 or, the approximately 
the same amount of humic acid and europium-152 remain in solution. For samples 
where the europium-152 was pre-equilibrated with the solid before the addition of 
humic acid, the results demonstrate that a higher percentage of humic acid remained 
in solution compared to either pre-equilibration with humic acid or addition of both 
humic acid and europium at the same time. These trends became less significant as 
the concentration of humic acid present increased. 
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Figure 4.7.3. 1 Ternary System - order of component addition. 
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Figure 4.7.3.3 Ternary System - order of component addition. 
For 100 mg dm-3Hurnic Acid contacted with MontmorilJonite. 
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Figure 4.7.3.2 Ternary System - order of component addition. 
For 50 mg dm-3Hurnic Acid contacted with MontmorilJonite. 
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Figure 4.7.3.4 Ternary System - order of component addition. 
For 10 mg dm-JHumic Acid contacted with Kaolin. 
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Figure 4.7.3.6 Ternary System - order of component addition. 
For 100 mg dm-JHumic Acid contacted with Kaolin. 
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Figure 4.7.3 .5 Ternary System - order of component addition. 
For 50 mg dm-JHumic Acid contacted with Kaolin. 
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Figure 4.7.3 .7 Ternary System - order of component addition. 
For 10 mg dm·3Humic Acid contacted with Drigg Sand. 
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Figure 4.7.3.9 Ternary System - order of component addition. 
For 100 mg dm-3Humic Acid contacted with Drigg Sand. 
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Figure 4.7.3.8 Ternary System - order of component addition. 
For 50 mg dm-3Humic Acid contacted with Drigg Sand. 
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5.0 Conclusion 
5.0.1 Drigg Research 
Eleven far field groundwater samples were collected from five boreholes across the 
Drigg site between November 1999 and January 2002. 
Maintaining the stability of the groundwater samples proved difficult over storage 
periods longer than 24 hours. Therefore sampling and preparation procedures were 
developed to enable the ultra-filtration of the groundwater samples within 24 hours of 
sample collection. Complete examination of 'stable' samples entailed analyses for 
colloid population, colloid type, tritium activity, gross alpha and gross non-tritium 
beta activities, gamma activity and the distribution of activity associated with the 
colloidal fraction. Where appropriate additional information was collected from 'non-
stable' samples i.e. tritium activity, gross alpha and gross non-tritium beta activities 
and gamma activity. Samples collected after May 2001, were concentrated by rotary 
evaporation to allow the detection of low levels of gamma activity present in the 
groundwater samples. 
The tritium, detected as tritiated water in the far field, was thought to originate from 
the disposal of a consignment of 'Betalight' luminescent telephone dials in the waste 
trenches 126. The tritium is thought to exchange with the hydrogen in the groundwater 
to produce tritated water (HTO). As expected tritium activity was not detected in 
borehole DDS130 which is situated above the trenches and the cut-off wall with 
respect to the groundwater flow. Borehole C1I2 is situated above the trenches and the 
cut-off wall with respect to the groundwater flow. Tritium was detected in this 
borehole which suggests seepage from the trenches under the cut-off wall and against 
the general trend in groundwater flow across the site. Tritium detected in the 
groundwater samples collected from below the waste trenches with respect to 
groundwater flow, varied between 6746 ± 256 and 37180 ± 650 depending on the 
borehole and time of year the borehole was sampled. 
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No gross alpha activity was detected above the MDL « 0.06 Bq dm·3) in either the 
groundwater samples or the filtrates. All the groundwater samples contained low 
levels of gross non-tritium beta activity with minimal amounts detected in the filtrates. 
It was considered that the presence of 4~ could account partially for the gross non-
tritium beta activity present in the samples. 4'1( is naturally occurring and is therefore 
not thought to originate from the waste trenches at Drigg. 
Gamma activity was not detected above the MDL (137CS < 0.2 Bq dm·3, 4'1( < 4.2 Bq 
dm-3) in either the groundwater samples or the filtrates. Therefore the groundwater 
samples were concentrated by rotary evaporation. Although 4'1( was detected in the 
concentrated samples it was not above the MDL. Considering the concentrated 
samples, it may be assumed that the 137CS result from borehole DDS130 (0.013 Bq 
dm-3) was a 'background' level of 137Cs present in the groundwater before it reached 
the waste trenches. Low levels of 137 Cs activity were detected in the groundwater 
samples collected from below the waste trenches with respect to groundwater flow 
and varied between 0.029 Bq dm-3 and 0.276 Bq dm-3• These results may suggest the 
leaching of low levels of 137Cs activity from the waste trenches. Nevertheless these 
activity levels are extremely low, especially taking into account the concentration 
factors. 
The colloid populations were determined using SEM by isolating the colloids on a 
30,000 Dalton membrane after the sample had been initially filtered through a 1.0 ~ 
membrane. The colloid population for the far field groundwater varied between 1.88 
x 1010 and 3.65 x 1011 colloids dm-3• These values are in agreement with other studies 
where values of 1010 to 1012 colloid dm-3 have been determined 35.125. 
SEM-EDS analysis allowed the elements present in the colloids to be determined. 
Two instruments were used. The technique was improved during the study by the use 
of a state of the art instrument that allowed quantitative manipulation of the EDS data. 
Samples analysed using the first instrument showed that the colloids predominately 
consisted of iron and silicon, where iron was the most abundant element. The 
following elements were also detected within the colloids in various combinations: 
aluminium, calcium, chloride, chromium, copper, potassium, magnesium, manganese, 
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and zinc. For samples that were examined quantitatively the results showed that the 
colloids predominately consist of iron and silicon in various concentrations, (Fe 45 -
80% / Si 15-20%) where iron is the principal element. The following elements were 
also detected: aluminium, calcium, copper, chromium, magnesium, nickel, potassium, 
sodium, and zinc. 
In summary, colloids were present in all the groundwaters samples and predominately 
consisted of iron and silicon. The gross alpha activities and gamma activities were 
found to be lower than the MDLs for the groundwater and filtrate samples. Minimal 
amounts of gross non-tritium beta activity were detected in the groundwater samples. 
Low-levels of 137 Cs activity were detected in the concentrated groundwater samples. 
Activity was not associated with the colloidal fraction. 
5.0.2 Laboratory Research 
Extensive preliminary experiments determined appropriated quantities of components 
and equilibration times for binary and ternary system sorption studies. A procedure 
was developed to 'clean' a Drigg sand sample to remove a humic substance thereby 
enabling AIdrich humic acid sorption studies. 
Binary system studies examining the sorption of humic acid to montmorillonite, 
kaolin and Drigg sand and found Freundlich-shaped sorption isotherms suggesting 
multi-layer sorption of the humic acid to the mineral surfaces. The results were fitted 
to the Freundlich equation to give linear regression plots with R2 values of 0.98 for 
montmorillonite, 0.92 for kaolin and 0.90 for Drigg sand. Parameters a and b were 
determined for humic acid sorption to each solid. Considering b as a measure of 
heterogeneity, the trend of surface heterogeneity with respect to humic acid sorption 
was b (kaolin) < b (montmorillonite) < b (Drigg sand). Where the Drigg sand surface 
is considered from those studied, as the most homogeneous, i.e. b is closest to one. 
Binary systems studies also examined the sorption or europium to montmorillonite 
and kaolin and found Langmuir-shaped isotherms. For montmorillonite the surface 
appeared to be saturated with an added europium concentration of 0.1 mol dm-3• For 
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kaolin the surface appeared to be saturated with an added europium concentration of 
0.001 mol dm·3 europium. The greater sorption of europium to montmorillonite 
compared to kaolin was attributed to the ability of the montmorillonite lattice 
structure to expand thereby allowing the inclusion of europium into the interstitial 
structure of the mineral. The results were fitted to the Langmuir equation to give 
linear regression plots with R2 values of 1.00 for montmorillonite, and 0.93 for kaolin. 
Ternary systems studied consisted of europium, humic acid and either 
montmorillonite, kaolin or Drigg sand. Humic acid sorption isotherms and Freundlich 
equation parameters determined in the presence of a europium-152 spike compared 
well to those determined not in the presence of the europium-152 spike. The 
Freundlich-shaped sorption isotherms of humic acid to montmorillonite, kaolin and 
Drigg sand suggested multi-layer sorption of the humic acid to the mineral surfaces in 
the presence of the europium-152 spike. The results were fitted to the Freundlich 
equation to give linear regression plots with R2 values of 0.97 for montmorillonite, 
0.92 for kaolin and 0.59 for Drigg sand. Manipulation of the data enabled the 
examination of the effect of humic acid concentration on the sorption of europium-
152 spike to the various minerals. The sorption of europium-1 52 spike onto all three 
minerals was shown to decrease as the concentration of humic acid present increased. 
The humic acid and europium sorption data was examined to determine whether there 
was a correlation between the 'bound' and 'free' humic acid distribution and the 
europium distribution. The correlation plots gave R2 values of 0.95 for 
montmorillonite, 0.97 for kaolin and 0.89 for Drigg sand. From the gradient of the 
graphs an apparent 'enhancement' value was determined for the relatiouship between 
the bound / free ratio for humic acid and europium-152. Therefore a higher 
percentage of europium-152 was sorbed to the solid phase than expected from 
consideration of only the humic acid distribution between the solid and aqueous 
phase. The proposed hypotheses for this effect were either (i) the humic acid sorbed 
to the mineral has a greater affmity for the europium, or (ii) the mineral surface still 
exerted an effect on the europium even when saturated with humic acid. The 
additivity approach was used to describe the europium distribution in the temary 
system and used the humic acid / mineral distribution, the europium / mineral 
distribution and the humic acid-europium complexation from the appropriate binary 
systems. Thus if the additivity model described the observed europium sorption to the 
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mineral it would be surmised that the mineral surface was still exerting an effect on 
the europium. From the additivity model predictions, there was slight evidence of 
enhanced sorption of europium at very low humic acid concentrations (c.a. 5 mg dm·3) 
in comparison to the observed values, but the results were not conclusive. At 
intermediate concentrations (c.a. 15 mg dm·3) the europium sorption was accounted 
for by the additivity approach. At high humic acid concentrations Le. high humic 
coatings, (c.a. 200 mg dm·3) europium sorption the observed values were less than 
predicted by the additivity model. This maybe explained by the humic acid coating 
limiting sorption to the mineral surface and the humic coating itself. In coulusion, 
neither the use of humic acid distribution or the additivity model accurately described 
the observed europium sorption over the complete humic acid range examined (Le. 5 
mg dm·3 - 300 mg dm·\ The humic acid distribution predictions fail to estimate the 
effect exerted by the mineral at low humic acid coatings. Whereas, the additivity 
model overestimates the influence of the mineral and does not consider the effect of 
the humic coating at high humic acid concentrations. 
Experiments also examined the order of addition of the ternary system components. 
Similar trends were observed for montrnorillonite, kaolin and Drigg sand. The results 
concluded that for samples where either the humic acid was pre-equilibrated with the 
solid before the addition of europium-152 or both humic acid and europium-152 were 
added together, either a slightly larger percentage of humic acid remained in solution 
compared to the europium-l 52 or the approximately the same amount of humic acid 
and europium-l 52 remain in solution. For samples where the europium-l 52 was pre-
equilibrated with the solid before the addition of humic acid the results demonstrate 
that a higher percentage of humic acid remained in solution compared to either pre-
equilibration with humic acid or addition of both humic acid and europium at the 
same time. These trends became less significant as the concentration of humic acid 
present increased. 
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5.1 Further Work 
Further sampling and analyses of the Drigg groundwater is required to support the 
results gathered here. Although this study suggests that colloids are not currently 
involved in the transport of radionuclide in the far field at Drigg, further colloid 
analysis may prove beneficial as the waste trenches evolve. Of necessity is further 
sampling of boreholes situated above the trench groundwater flow. This will allow 
further information on environmental colloids inherent in the Drigg groundwater in 
comparison to those colloids generated in the trenches. Further determination of low-
levels of activity must be undertaken to confirm the origin of low level ganuna 
activity detected in the far field. 
Further work is required to predict the distribution of radionuclides in ternary sytems. 
The models must consider the effect of various humic acid loadings on the mineral. 
Increased classification of the adsorption processes of binary systems is required as a 
basis for the understanding of ternary systems. The scope of the investigation maybe 
widen by the inclusion of supplementary metals, minerals, and types of humic acid. 
Specifically the use Drigg sediment and Drigg humic and fulvic acid will be 
complementary to the Drigg research. This study has also highlighted the effect of the 
order of addition of the ternary system component. Further work should examine 
whether these observations are kinetically controlled or specific to types of minerals, 
humic acids or metals, as this may affect the modelling of radionuclide migration over 
specific time periods. 
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7.0 Appendices 
7.1 The Langmuir Isotherm 7S 
Originally developed to describe the sorption of gases to solid surfaces, the Langmuir 
isotherm has been adapted to describe sorption at the solution/solid interface. The 
isotherm assumes that the adsorption sites, S (mol kg'\ on the surface of a solid 
become occupied by the sorption of an adsorbate from the solution phase, thus 
implying a I: I stoichiometry: 
S+A ~ SA (eq.7.1.1) 
The surface site concentration can be expressed in mol dm,3, mol kg'l, mol m'l, or 
morl of solid. 
The Langmuir isotherm is described by the following derivation. 
Let, [S] = the solid present = mol kg'l 
[A] = the concentration of the adsorbate in solution = Csoln = mol dm'3 
[SA] = the concentration of adsorbate on the solid surface Csorb = mol kg'l 
It should be noted that Csohd is often expressed as the sorption density: 
(eq, 7.1.2) 
Where, & is the porosity (unitless) and, a is the specific surface area (m2 kg'l) of the 
solid phase. If the concentration of the adsorbate on the surface is expressed in units 
of mol dm,3, then: 
(eq.7.1.3) 
Where, Ph is the dry bulk density (kg dm'3) of the solid phases, 
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Irrespective of whether the amount of absorbent (hence the occupied and unoccupied 
sites) are expressed in mol kg"1 or mol m"2, the conditional formation constant, K' ads is 
expressed in mol dm"3 since the concentration of unoccupied adsorbate (Csoln ) is in 
units of mol dm"3" 
The thermodynamic mass law is: 
{SA} 
Kads = {S}{A} 
And to convert to molar concentrations: 
(eq.7.1.4) 
(eq.7.1.5) 
The conditional formation constant, K' ads, can be written in terms of molecular 
concentration: 
K' ads = ySA Ka<is = C.olul x _1_ 
ySYA c.oln [S] (eq.7.1.6) 
This equation can be combined with the mass balance for surface sites written in mol 
kg"1 concentrations: 
Csohdmax = [S] + Csohd (eq.7.1.7) 
Combining Equations 7.1.6 and 7.1.7 by elimination of[S] and solving for Csohd gives 
an expression relating the concentration of substance sorbed, Csohd (mol kg"I), to the 
concentration of substance in solution, CsoIn. (mol dm"\ i.e. the sorption isotherm. 
From eq. 7.1.6, 
[S] = e,ohd x _1_ 
e,oln K'ads (eq.7.1.8) 
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From eq 7.1.7, 
[S] = Csohd max. - Csoln. 
Csobd 
-,----'---,--- = Csohd max. - C,ol. 
Cs. In + K' ads 
C,ohd = Csohd max. x Csol. x K' ads - Csohd X C,ol. X K' ad, 
and therefore, 
C - Csol,d max. Cs. In xK' ads sohd - , 1 + Csoln xK ads 
[mol kg·I ] 
The Langmuir equation. 
Taking the reciprocal of both sides yields a linear expression with 
slope = (K' ads X Csohdmax,rl 
intercept = (Csohd max r 1 
therefore: 
1 
CSOlld 
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(eq.7.1.9) 
(eq.7.1.10) 
(eq.7.1.11) 
(eq.7.1.12) 
(eq.7.1.13) 
(eq 7.1.14) 
(eq 7.1.15) 
(kgmorl) _1_ x 1 (kg dm-3) 
Kads Csol,d max. 
1 
Csobdmax. 
_1_ (dm3 mOrl) 
Csoln. 
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K' .• dm3 1-1 ads IS m mo. 
An alternative fonn of the Langmuir equation is: 
o -K' C 1-0 - ads X ,oln. 
where 
C,oI,d 0=---
C,oI,dmax. 
i.e. the fraction of sites occupied by the adsorbate. 
If there are two adsorbents, the equation becomes: 
c - Cm[Id max K' odsACsol1l.A. 
,orhA - 1 K' K' C + adsA + adsB saln B 
and if two adsorbates: 
Csolld 2K' abs2Csoln A 
+ ---:----:c::---=:---
1 + K' ab,2C,oIn A 
-+-0=1 
The assumptions made to validate the Langmuir isothenn are: 
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(eq.7.1.16) 
(eq.7.1.17) 
(eq.7.1.18) 
(eq.7.1.19) 
i) the equilibrium of the system up to the fonnation of a mono-layer, i.e. El = 1 
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ii) the energy of adsorption is independent of e, i.e. all surface site are 
equivalent, irrelevant of surface sites that have been occupied. 
There is no difference between a conditional surface complex formation constant and 
a Langmuir adsorption constant since the mass law for surface complexation 
formation can be converted to a Langmuir type equation 58. 
The use of Kads in this equation is principally as an intrinsic constants valid only for a 
(hypothetical) uncharged surface. In many cases, these constants can be used as 
apparent constants to defme some of the principal features that effect sorption at the 
solution/surface interface e.g. pH, ionic strength, etc. 
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7.2 The Freundlich Isotherm 75 
Also originally developed to describe the sotption of gases to surfaces the Freundlich 
isotherm has been adapted to describe the behaviour of non-linear sotption at the 
solution/surface interface. The Freundlich equation is: 
Csorb = aCsoln b (eq 7.2.1) 
Where, Csorb. is the amount of adsorbate on the solid (mol kg·\ Csoln is the 
concentration of adsorbate in solution (mol dm-3), a the Freundlich constant and b is 
the measure of non-linearity involved. 
The Freundlich isotherm is useful for plotting adsotption data in log Csohd verses Csoln. 
plots. 
n>l 
n=l 
n<l 
Csoln (mol dm·3) 
The major advantage (or disadvantage) of the Freundlich, is that the equation does not 
predict a sorption maximum if there is a decreasing tendency for adsorption with 
increasing site occupancy. 
If a = 1, the Freundlich equation corresponds to a simple a simple Kc!. Therefore this 
linear isotherm represents the situation where the affInity of the absorbent for the 
adsorbate remains constant for all concentrations of Csohd. However this is generally 
only applicable for small changes in adsorbate concentrations. 
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Note that the K.! is related to the surface complexation formation constant through: 
K.! = Cso/uJ 
Csoln 
(eq.7.2.2) 
(eq 7.2.3) 
(eq.7.2.4) 
The linear form of the Freundlich isotherm is often fitted to experimental data: 
log Csohd = loga + blogCsoln. (eq 7.2.5) 
log Csohd slope=b 
log a 
log Csoln. 
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7.3 Summary Tables for SEM-EDS for Near Field Samples 125. 
Table 7.3.1 Types of colloids detennined by SEM-EDS for near field samples collected from standpipe P3/3 125, 
Element Type 1 Type 2 Type 3 Type 4 Type 5 Type 6 
(15 %) (15 %) (33 %) (37%) (13 %) (73%) 
Fe 35±3 42±7 43±8 54±6 69± 14 70±9 
Si 25± 13 17±2 16 ± 3 21 ± 3 18 ± 7 18±7 
Al 12±3 
Ca 4±3 4±2 5±2 5±2 5±3 
Na 37±6 32±6 
Cl 6±5 5±2 5±1 8±4 11 ±4 
Zn 18 ± 3 20±3 
Mg 14± 1 
Type 7 
(13 %) 
76± 12 
13±3 
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Table 7.3.2 Types of colloids detennined by SEM-EDS fornear field samples 
collected from standpipe P4/5 125. 
Element Type 1 Type 2 Type 3 
(10%) (43 %) (27%) 
Fe 10± 1 38±8 52±8 
Si 27±7 20±5 24±6 
AI 28±27 12±5 
Ca 30±21 3±2 6±2 
Na 19±3 21 ±3 
Cl 4±1 4±3 7±3 
Zn 
Mg 18±6 17±4 
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Table 7.3.3 Types of colloids determined by SEM·EDS for near field samples collected from standpipe P4/4 125. 
Element Type I Type 2 Type 3 Type 4 Type 5 Type 6 Type 7 
(I %) (5%) (15 %) (39%) (12 %) (5 %) (22%) 
Fe 21±4 61 ±6 67±4 77± 10 82±6 83±5 
Si 100 9±8 12±3 10± 1 11 ±4 12±4 17±5 
AI 6±1 
Ca 2±1 3±1 3±1 4±2 
Na 43 ±3 21±6 20±4 
Cl 7±1 6±3 
Zn 32±20 6±1 18 ± 17 
Mg 
Cu 4±2 7±3 
S 22± 12 
w 
00 
0\ 
Table 7.3.4 Types of colloids detennined by SEM-EDS for near field samples collected from standpipe P6/112S. 
Element Type 1 Type 2 Type 3 Type 4 Type 5 Type 6 Type 7 
(11 %) (10 %) (9%) (4 %) (13 %) (9%) (9%) 
Fe 26±9 46±2 48 ± 10 56± 14 60± 11 61 ± 10 
Si 100 28 ± 11 54±2 36±6 19±4 15 ± 8 39± 10 
AI 
Ca 8±2 
Na 
Cl 18±9 16±5 9±3 
Zn 
Mg 27± 12 21±5 
S 20±4 16±2 
P 28± 13 
Cu 
Type 8 Type 9 
(18 %) (13 %) 
64± 10 69± 10 
16±7 19±4 
8±3 
8±4 12±6 
11 ±7 
9±5 
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7.4 Humic Acid Sorption Isotherms - Preliminary Investigation - pH results 
Table 7.4.1 Average pH measurements for the control humic acid solutions and the 
humic acid solutions contacted with either montmoriIIonite or kaolin. 
Humic Acid Conc. pH 
(mgdm·3) Blank MontmoriIIonite Kaolin 
2 5.95 6.00 5.93 
5 5.95 6.00 5.92 
10 5.91 6.03 5.93 
15 5.89 6.05 5.93 
20 5.90 5.92 5.94 
25 5.87 5.91 5.92 
35 5.94 5.91 5.92 
50 6.01 5.90 5.93 
75 6.02 5.90 5.91 
100 6.01 5.89 5.89 
150 6.00 5.56 5.88 
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7.5 Humic Acid Sorption Isotherms - Extended Investigation - pH results 
Table 7.5.1 Average pH measurements for the control humic acid solutions and the 
humic acid solutions contacted with either montmorillonite, kaolin or 
Drigg sand. 
Humic Acid pH 
Conc. (mg dm·3) Blank Mont. Kaolin Drigg sand 
2 6.05 6.00 5.98 6.09 
5 6.04 6.00 5.98 6.10 
10 6.04 5.98 5.95 6.10 
15 6.03 5.95 5.98 6.07 
20 6.04 59.6 5.96 6.08 
25 6.05 5.96 5.96 6.08 
35 6.07 5.99 6.00 6.12 
50 6.07 6.00 6.00 6.12 
65 6.06 6.00 6.00 6.11 
75 6.08 6.00 5.99 6.12 
90 6.05 5.99 5.99 6.11 
100 607 6.01 6.01 6.13 
115 6.04 5.96 5.97 6.10 
130 6.04 5.97 5.99 6.10 
150 6.02 5.96 5.97 6.09 
165 6.12 6.06 6.06 6.17 
200 6.05 5.97 5.98 6.10 
250 6.05 5.97 6.00 6.11 
300 6.06 5.99 6.01 6.12 
388 
Appendices 
7.6 Ternary Systems - Humic Acid Sorption Isotherms - pH results 
Table 7.6.1 Average pH measurements for the control humic acid solutions and the 
humic acid solutions contacted with either montmoriIIonite, kaolin or 
Driggsand. 
Humic Acid pH 
Cone. (mg dm'3) Blank Mont. Kaolin Drigg sand 
2 6.08 6.03 605 6.04 
5 6.09 6.03 6.03 6.04 
10 6.06 6.02 6.03 6.03 
15 6.09 6.00 6.05 6.01 
20 6.07 6.02 6.02 6.01 
25 6.07 6.02 6.03 6.03 
35 6.10 6.03 6.05 6.05 
50 6.11 6.05 6.06 6.05 
65 6.09 6.06 6.08 6.05 
75 6.11 6.07 6.08 6.04 
90 6.10 6.05 6.07 6.05 
100 6.09 6.06 6.07 6.05 
115 6.05 6.02 6.03 6.02 
130 6.06 6.02 6.05 6.04 
150 6.06 5.99 6.04 6.04 
165 6.08 6.09 6.11 6.08 
200 6.07 6.02 6.04 6.03 
250 6.04 6.04 6.06 6.04 
300 6.06 6.04 6.06 6.04 
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SPEAKER TOPIC 
-
Workshop in LIquid Scmttllation Counting 
Prof. A. Oyer The Scmttllation Process 
Prof. P. Warwick InstrumentatIon and Other Aspects 
Prof P Warwick Standardisatton and Efficiency Determination 
Prof P. Warwick Counting Errors and Statistics 
Prof. P. Warwick Safety and RegulatIons' Radiation Hazards and Safety 
Dr. R. Blackburn Homogenous Sample Preparation 
Prof. A. Oyer Cerenkov Countmg 
Dr. R. Blackburn Heterogeneous Sample Preparation 
Mr. A Lally Aspects of Low-Level Radiochenustry 
Mr. A Lally 'Quality Assurance and NAMAS Accreditation 
-
Chemistry and MIgration Behaviour of Actinides and FIssIon Products m 
the Geosphere 
-
Meetmg - P.W., L.A., K B., S.A, K F. 
Mr D Wllson Safety Lecture 
Mr.D WiIson Fire Safety Lecture 
- Discuss - Dngg Work 
Meeting - P.W., K B, SA, K.F. 
-
Classified Workers Training 
-
Meetmg - P. W., L.A., K B., SA., K F 
-
Meeting - P.W., A.H., K B , S.A, K.F. 
- Discuss - Drigg Work 
Meeting - P.W ,K.B., SA., K.F. 
Prof. S Fletcher Current Voltanunetry Techniques 
-
Meeting - P.W., K B., SA, K.F. 
-
Meeting - P.W., A H, L.S, K.B., SA., K F. 
-
Meetmg- P.W, L S., K B, SA, KF. 
-
Meeting - P. W., K B , S.A., K.F. 
- Meetmg - P. W., A.H., K.B , S.A , K F. 
MISS S Allinson Results 
Meeting- P.W., A H., L.S., M.S., K B., SA., K F. 
Mr. N. McCarthy Use of Microwave DIgestIon System 
Prof. P. WarwIck PredIctIve Codes for Contammant Moblltty in the Environment 
Meetmg - P.W., A.H, K B, SA, K.F. 
Dr. A. Hall Stability Constants 
Meeting- P.W., A H, K.B., K.F. 
DATE ORGANISATION SPEAKER TOPIC 
'VENUE 
25.02.00 Radiochemistry Research Group' L.U. Miss K Beckett Drigg Leachate Project 
Meeting- P.W., A H, L S ,KB., KF. 
010300 Uruversity of Saskatchewan, Canada! L U Dr. L. Steer Structure and RelaxatIon Dynamics of Highly Excited Valance States of 
Plo~tomic Molecules 
030300 RadIOchemIstry Research Group' L U. 
-
Meetmg-p W ,AH., SA., KB, KF. 
090300 Radiochemistry Research Group' L U. 
-
Meeting- P.W, A H, S.A., KB, KF 
23.03.00 Radiochemistry Research Group' L.U. Miss S. Allmson Drigg Results from March Samplmg 
Meeting - P.W., L.S., L C., K B., SA, K F. 
27.03.00 Radiochemistry Research Group' L.U. Mrs. L. Sands Radioactive Waste Disposal 
Meetmg - L S., K.B., SA., K F. 
310300 RadIOchemIStry Research Group' L U. Miss K. Russel-Flmt Sample Preparation and MIcrowave Dlgesnon 
Meetmg - P W., A H, K B, S.A., K.F. 
10 04 00 RadIochemIStry Research Group' L U. 
-
Meetmg- P.W, A H., S.A.,KB, KF. 
14.04.00 Radiochemistry Research Group' L U. Prof. P. Warwick U K. Nuclear Waste: Fmdmg a Way Forward 
Meeting- P.W.,A.H, SA, KB, KF. 
05.05.00 RadIOchemistry Research Group' L U 
-
Meeting - P.W., K F. 
0805.00 RadiochemistrY Research Group' L.U. 
-
Meeting - P.W., A.H ,L S., SA., K B ,K F. 
0905.00 RadIOchemistry Research Group, B.N.F.L 'L.U Miss S. Allinson Samplmg and Characterisation of inorganIc Colloids m the Near-Field at Drigg 
MISS K. Beckett Samplmg and Characterisation of Organic Colloids at Drigg 
Miss K. Russel-Flmt Samplmg and Charactensation of Inorganic Colloids in the Far-Field at Drigg 
Meeting - Mr A Eilbeck, P W., A.H , S.A., K.B , K.F 
17.05.00 R.S C. Radiochemical Methods Group, 
-
RadiochemIStry and RadiologIcal Protection 
The Society for Radiological Protection 
, Scientific Societies Theatre, London 
AEA Technology, Nuclear Engmeering, Harwell Dr. R. Bull The new Ionisation Radiation RegulatIOns and their implicatIons for Limits of 
DetectIOn 
Environment Agency, BrIStol Mr.J McHugh Recent Policy Developments on Regulations of Radioactive Discharges and 
NORM: implIcatIOns for Measurement of Radionuclides 
CEFAS, Lowestoft Mr. K. Leonard Current Speciation Problems for Radioanalytical Chemists 
RadIOchemIStry Training Consultancy Ltd Mr. A. Lally Where are we gomg with Bioassay Measurements? 
NNC, WQCL Mr. S. Daish Radioactive Waste Assay 
Westlakes, CumbrIa Dr. P. McDonald Naturally Occurring RadlonuclIdes m the Environment: '"'Po and 'IOPb in U.K. 
Terrestrial and Marine Foodstuffs 
24.0500 Dept. of Environmental Sciences, University of Prof. P. Worsfold Plumbing the Depths: - Flow Injection Techniques for Monitoring 
Plymouth'L.U. Environmental Processes 
DATE ORGANISATION SPEAKER TOPIC 
'VENUE 
27.0500 RadiochemistIy Research Group' L U. MIss K. Russel-Flint MIcrowave Digestion 
Meeting - P. W., A H , S.A., K.F., 
02.06.00 RadlochemlstIy Research Group' L.U. Miss K. Beckett Organic AnalysIs for Drigg Samples 
Meeting - P.W ,L.S., K B, K F. 
13.0600 RadlOchemlstIy Research Group' L.U. Miss S. Allinson Drigg Results from March Samplmg 
Meeting - P. W., A.H., L.S , K.B , K.F. 
300600 RadlOchemistIy Research Group' L U. Prof. P. Warwick RadIochemical Detection and Measurement - Gamma DetectIon 
Meeting-P.W., A H ,L S, S A, KB., K.F. 
07.07.00 RadiochemistIy Research Group' L U. Prof. P. Warwick RadiochemIcal Detection and Measurement - Liquid Scintillation Counting 
Meeting - P.W ,L S, SA, K.B, K.F., N.E. 
100700 RadiochetnlstIy Research Group' L.U. Miss S. Allinson Sampling and Charactensation of Inorganic CollOIds at Drigg 
Meeting-p W, L.S., S.A., KB, KF, NE. 
120700 R.S.C. RadIOchemical Methods Group Young Researcher Meeting 
, Imperial College, London MISS S. Allinson Sampling and Characterisation of Inorganic Colloids from the Drigg Near-Field 
270700 RadiochemistIy Research Group' L.U Miss K. Russel-Flint MIcrowave Digestion 
Meeting - P. W., A H., K B., K.F., N.E. 
04.0900 RadiochemistIy Research Group' L U. 
-
Meeting - P.W ,A H ,K F., 
29.09.00 RadiochemistIy Research Group' L.U. Mr.N.Evans Further Development of STAB 
Meeting-P.W., A.H, L S, SA, KB.,K.F., NE. 
04.10.00 British Geological Survey' Keyworth Dr. M. J. Hendry 2000 Henry Darcy Distingwshed Lecture' Transport and Geochemica! Controls 
on Solutes in Clay Aquitards 
0610.00 RadiochemistIy Research Group' L U. MISS S Allmson Drigg Results from August Samplmg 
Meetmg-P.W, A H,L S, S.A.,KB, KF, N.E 
13.10.00 RadlochemlstIy Research Group' L U. Miss K. Russel-Flmt Drigg Results from August Sampling 
Meetmg - P. W., A.H., SA., K.B , K.F , NE, G.W., A K. 
1610.00 ChetnlstIy Department' L.U. - FII'St Year Viva Voce Examination 
Dr. B Sharp 
27.10.00 RadlochemistIy Research Group' L.U. MISS K. Beckett Drigg Results from August Sampling 
Meeting-P.W.,A.H, L S, SA, K.B ,KF., G W, A K 
03.11.00 RadiochemistIy Research Group' L U. Mr. G. Walker TRANCOM2 
Meeting-P.W.,A.H., S.A, KB, K.F., G.W., A K 
DATE ORGANISATION SPEAKER TOPIC 
I VENUE 
0811 00 R.S.C. RadIochemical Methods Group - Waste DIsposal and RadlOnuclide Migration, Becquerel Medal Lecture, 
I Oldbwy Nalte Power Station, Bristol 
Chemical ServIces, B N F.L. R & D, Berkeley Or K. Verrall The Role of Colloids and Particulate in MIgration StudIes at B.N.F.L.'s Drigg Site 
Loughborough UnIVersity Prof. P. Warwick Review of European Commumty Research Colloid Projects 
NlREX, UK. Dr. S Vines Chem Containment of Radionuchdes in the NIREX Phased Repository Concept 
Becquerel Medal Lecture Prof. G. Choppin Actmlde Analogue Chemistry 
UnIVersIty oJManchester Dr. N.Bryan Effect of Humic Substances on Radionuclide MIgratIOn 
Galson SCIences, Leicestershire Mr. S. Wlckham The Treatment of Colloids in Performance Assessment for Radioactive Waste 
14.11.00 Radiochemistry Research Group I L U 
-
Meeting - P.W., SA., K.F. 
1711.00 RadIochemistry Research Group I L U. Mr.A.King Development and Application of Methods of Determining Long-LIved 
Radlonuclides in Decommissionmg Wastes 
Meeting-P.W., A H, SA.,KF, NE, G.W.,AK. 
23 11.00 RadIochemistry Research Group I L.U. - Meetmg - P.W., S.A., K F. 
24.11.00 Radiochemistry Research Group I L.U. Miss K. Russel-Flint Groundwater Sampling at the Drigg SIte 
Miss S. Allinson Ultrafiltration Technique for Drigg Groundwater 
MISS S. Allinson Samplmg and CharactensatlOn of Inorganic Colloids from the Drigg Near-Field 
MISS K. Russel-Flint Sampling and CharacterisatIon oflnorgaruc Colloids from the Drigg Far-Field 
MISS K. Beckett Samplmg and Characterisation of Organic Colloids from the Drigg Site 
28.11.00 Radiochemistry Research Group, B N.F.L. I L U. Miss K. Russel-Flmt Groundwater Samplmg at the Drigg Site 
Miss S. Allinson Ultrafiltration Technique for Drigg Groundwater 
Miss S. Allinson Sampling and Charactensation oflnorgamc Colloids from the Drigg Near-Field 
Miss K. Russel-Flint Sampling and CharacterisatIOn of inorganIc Colloids from the Drigg Far-FIeld 
MISS K. Beckett Sampling and Characterisation of Organic CollOIds from the Dngg SIte 
-
Meeting - Mr. A Etlbeck, Mr M. Randall, P.W , SA., K.F., K B. 
3111.00 Radiochemistry Research Group I L U. - Meeting - P.W., A.H, K F. 
01 1200 RadiochemIstry Research Group I L U. Mr.N.Evans The Schubert Method 
Meeting- P.W.,A.H., SA, KB, KF.,NE., A K., G W. 
071200 Radiochemistry Research Group I L.U. - Meeting - P.W, A.H., K.F. 
08.1200 Mr. G. Walker Radiolabelling Humic ACId and Carbonate Sorption 
Meetmg-P.W.,A H., L S., SA, KB, KF., NE, A K G.W. 
14.1200 RadlOchemlstty Research Group j L U. 
-
Meetmg - P.W., A.H, K F. 
14.12.00 RadiochemIstry Research Group I L U Mr. A. Kmg Results from Doped Tacky Swab Samples after DIgestion 
Mrs. L. Sands Notes on Department Health and Safety Inspections 
Meeting - P.W ,A H., L.S, SA., K F., G.W., A K. 
DATE ORGANISATION SPEAKER TOPIC 
'VENUE 
10.0101-11.0101 B N.F.L.' Sellafield, Cumbria 
-
Safety Training Course 
190101 RadIOchemistry Research Group' L U 
-
Meeting-P.W, A H, KF. 
19.01.01 RadiochemlstIy Research Group' L.U. Mr. G. Walker Standard International Umts 
Meeting - P.W., A.H., SA., K.B., K F., G W , A K. 
25.01.01 Radiochemlstrv Research Group' L U. 
-
Meeting - P.W., K.F. 
26.01.01 RadiochemistIy Research Group' L.U. MISS S. Allmson Fmal Drigg Results 
Meeting - P. W., A.H , L.S., SA, K.B., K.F., N.E , A K. 
0102.01 RadlOchemistIy Research Group' L.U. - Meeting - P. W , A.H , K F. 
090201 RadiochemistIy Research Group' L U. Miss S. Allinson Samplmg and Characterisation of Inorganic Colloids from the Dngg Near-Field 
Miss K Russel-Flint Sampling and Characterisation of Inorganic Colloids from the Drigg Far-FIeld 
Meetmg - P.W., A H., SA, K.F., G.W , T B. 
13.01.01 RadiochemlstIy Research Group' L.U Miss K Beckett Sampling and Characterisation of Orgamc CollOIds from the Drigg SIte 
Meetmg - P W , A.H., L.S., SA, K.F , K F., NE., G.W , A.K, T.B, P.D. 
1502.01 Dngg Technical Programme Research SymposIUm Mr. D. Trivedi Dngg Technical Programme OveTVIew 
, Hulme Hall, Manchester University Mrs. C. Pettit Systematic Approach 
Mr. M. Randall Far-Field Introduction 
Mr.A Binley Tracer StudIes 
Prof. P. Warwick Groundwater Samplmg 
Miss K. Russel-Flint Sampling and Characterisation of Inorganic Colloids from the Drigg Far-FIeld 
Miss K. Beckett Sampling and Charactensation of Organic CollOIds from the Drigg SIte 
Mr. M. Suddworth Polysaccharides 
Dr F. Livens Reduced Iron Phases 
Mr. I Beadle NearlFar-Field Interface Introduction 
MISS R. Nikolova Southampton Column Studies 
Prof. P. Warwick Loughborough Column Studies 
Miss V. Hand Micro to Macro 
1602.01 Drigg Technical Programme Research Symposium Mr. P. Humphreys Near-Field introductIon 
, Hulme Hall, Manchester University Mr. I. Beadle L.L. W. Simulant Studies 
Miss V. Dunn The Biogeochemical Fate of Actmides in Waste Reposltones 
Mr. R. Lockhart A Molecular BIological Approach to the Characterisation ofL L.W. Disposal Site 
Mr. J. McCance Chemical and MicrobIal Evolution of the Drigg Vaults 
Mr. A. Clarke Cement Evolution 
Mr. A. Eilbeck Corrosion in the Near-FIeld 
Miss S. Allmson Samplmg and Characterisation of Inorganic Colloids from the Drigg Near-FIeld 
DATE ORGANISATION SPEAKER TOPIC 
'VENUE 
23.02.01 Radiochemistry Research Group' L.U. Miss K. Russel-Flint Lab Investigatlon - Ternill)' Phase Systems 
Meeting- P.W., A.H, L S, SA, K.B., KF., NE., G.W., A K, TB., P D. 
0803.01 RadIOchemistry Research Group' L U. 
-
Meetmg - P.W., A H, K F. 
09.03.01 Radiochemistry Research Group' L.U. Miss K. Beckett Association of Metal with Humic Substances 
Meetmg - P.W, K B., K.F ,N.E, G.W., A.K., T.B, P.D. 
16.03.01 Radiochemistry Research Group' L.U. 
-
Meeting - P.W, SA., K B., K F. 
16.03.01 Radiochemistry Research Group' L.U. Mr.N.Evans Nrrex Multi-Barner Containment System, Cellulose and a-ISA 
Meeting - P.W , S.A, K.B, K.F., N.E, G W ,A.K., T.B. 
29.03.01 Radiochemistry Research Group' L.U. Mr. A. King Cobalt Separation Methods - Results 
Meeting-P.W.,A.H.,L.S., SA, KB, K.F., NE, G W,AK. 
060401 Radiochellllstry Research Group' L U 
-
Meeting - P.W., SA, K B., K F. 
25.04.01 Radiochemistry Research Group, B N.F.L. 'L.U. Miss S. Allinson Samplmg and Charactensatlon of Inorganic Colloids from the Ongg Near-Field 
Miss K. Russel-Flmt Sampling and Characterisation of Inorganic Colloids from the Drigg Far-Field 
Miss K. Beckett Sampling and Characterisation of Organic Colloids from the Drigg Site 
Meeting - Mr. A. Eilbeck, B.N F.L. representative, P.W, SA, K.F., K B. 
300401 RadIOchemistry Research Group' L.U 
-
Meeting - P. W., K F. 
0905.01 RadIOchemistry Research Group' L.U. 
-
Meeting - P.W., K.F. 
2405.01 Radlochenustry Research Group' L U. Mr. G. Getabun Degradation of Cellulose Products and the Transport of Radionuclides 
Meeting - P.W., A H., S.A., K B, K F., NE., G.W , A.K, G G. 
25.05.01 Radiochemistry Research Group' L U. Mrs L. Sands Risk Assessment and Management 
Meeting - P.W ,A H, L.S., S.A., K B, K.F. N.E., G W, A K. 
29.05.01 RadIOchemistry Research Group' L U. 
-
Meeting - P.W., K F. 
01 06.01 Radiochemistry Research Group' L.U. Mr. N.Evans Stabihty Constant Measurements and The Schubert Method 
Meeting - P.W., A H., SA., K.F., NE, G W., A K. 
0706.01 Radiochemistry Research Group' L.U. Miss K. Beckett Drigg Results 
Meeting-P.W., SA.,K.F.,GW.,A.K. 
080601 Radiochemistry Research Group' L U 
-
Meeting - P.W., K F. 
14.0601 Radiochemistry Research Group' L U. MIss K. Russel-Flint Using EndNote 
Meeting - P.W., S.A., K.F., N.E, G W. 
15.0601 Physical Chellllstry Section' L.U. Prof. S. Fletcher The Double Layer 
PhYSical Chemistry SectIOn Academics and Postgraduate Students 
2206.01 RadiochemiStry Research Group' L U. MIss K. Russel-Fhnt Are Colloids Important m the Transport of Radlonuchdes 
Meeting - P.W., A.H, SA., K B, N.E., G.W., A K. 
DATE ORGANISATION SPEAKER TOPIC 
'VENUE 
29.06.01 Radiochetnlstty Research Group, Nlfex' L.U. Prof. P. Warwick Centre for Environmental Studies? 
Miss S. Allinson Quality Assurance System 
Meeting - Or S. King, Or G. Hickford, P.W ,A.H., L.S, SA., K.B., KF., N.E, 
G.W.,A.K. 
10 07 01 Radlochemistty Research Group' L.U. MIss K. Russel-Flint Are Colloids Important in the Transport ofRadlonuclides 
Meeting-P.W, S.A,KF. NE., G W.,AK. 
11.07.01 R.S C. RadIOchemical Methods Group' Young Researchers Meeting 
Wolf son Conference Centre, Imperial College Miss M. Constantinou Radiotluorinations of Meta-Substltuted Benzenes 
School of Medicine, London. Miss K. Russel-Flint Are Colloids Important m the Transport ofRadionuclides 
MISS C. Wells Inadequacy of Sea-to-Land Transfer as the Explanation of the Majonty of 
Terrestrial Plutonium deposited in Cumbria 
Mr. Y. Narayana Advantages of In-situ Gamma Ray Spectrometty and Core Logging - a Case 
Study of Radioceasium m Dee Estuary Saltrnarshes 
Mr. S. Jarman Determination of In-core Power in the LFR 30 kW Argonaunt Reactor by 
Measurement of 1"N and "F in the Pnmary_ Coolant 
11.0701 R.S.C. Radiochemical Methods Group' Miss G. Treacy Infmite Solution Volume (ISV) Kinetic Studies on Crystalline Slhcotltanate in 
Wolf son Conference Centre, Imperial College Exchange Materials 
School of Medicine, London. Mr M. Hickey Novel Applications ofPara1lel Chemistty Techmques to IsotopIc Synthesis 
Miss H Munro Stopped-Flow Spectrophotometric Studies of Fe (Ill) and U(N) Reactions 
MISS F.Dyer inconsistencies m the use of Radiometric Dating Methods in Salt Marsh Cores: 
Examples from the Beauheu and Wyre Estuaries 
Mr. M. Sarsfield AsPects of Actmide Co-ordmation Chemistry 
200701 RadlOchemistty Research Group' L.U. Mr. A. King Attempts to Separate Co, Ag, Nb and Ho 
Meeting - P.W, K F ,N.E., G.W ,A K 
260701 Radiochemlstty Research Group' L.U. Mr. G. Walker Results on 14C HCHO labelling of Mol Organic Matter and Aldrich Sodium 
Humate 
Meeting-P.W .• A H, SA., KF., NE, G W,A.K 
10 08 01 Radlochemistty Research Group' L U. Mr. N. Evans More Stability Constant Measurements and some Stoichiometric 
Investigations using UVNlslble spectrometty 
Meeting- P.W., A H, L S., SA, KF., N.E., G.W ,A K 
10.0901 Radiochemistty Research Group' L U. - DISCUSS - Laboratory Work 
Meeting - P.W., K F. 
J3 09 01 Dept ofChemistty' L.U. - Second Year Viva 
Meeting - B S , K F. 
03.1001 Radtochemistty Research Group' L U. 
-
DISCUSS - Sampling visit to Dngg in November 
Meeting - P.W., S.A., KB., K F. 
w 
'" 00 
DATE 
04.10.01 
121001 
12.01.01 
15.10.01 
191001 
021101 
06 11.01 
22.1 1.01 
23.11.01 
29.1 1.01 
• 
ORGANISATION 
'VENUE 
Radiochemistry Research Group' L.U. 
Radiochemistry Research Group' L U. 
Radiochemistry Research Group' L U. 
Radiochemistry Research Group' L U. 
Radiochemistry Research Group' L.U. 
Radiochemistry Research Group I L.U. 
SCience and Industry I Belgrave Square, London 
Shanks Waste SolutIOns 
Alcontrol LaboratOries 
UKAEA 
Advant/Ca TechnologIes 
Kmght P,esold 
Mmmg EfJluent Consult 
UniverSIty Of Bangor 
WSP Remed,atlOn Ltd 
RadiochemiStry Research Group' L.U. 
Radiochemistry Research Group' L U. 
Radiochemistry Research Group' L U. 
SPEAKER TOPIC 
-
Discuss - Sampling visit to Drigg in November 
Meeting-P.W, SA, K B, K F. 
-
Discuss - Laboratory Work 
Meeting - P.W., K.F. 
MIss K. Beckett Humic Acid Weak and Strong BindIng Sites 
Meeting-P.W. AH SA, KB, KF., N.E, G W,A K, J.T. 
-
DIscuss - JEM paper 
Meeting - P.W , S.A., K.B, K F 
Miss S. Allinson Reversibility of Interactions ofRadionucIides with Colloids 
Meeting - P.W., A H, S.A, K.F., N.E., A K., J.T. 
Mr. A.Kmg Co and Ho SeparatIOn and Dissolution Experiments 
Meeting - P.W., A H, S A., K F., N.E., A.K., J.T. 
Contammanted Land and Ground Water Clean-Up Technologies 
Mr. D. Anderson Remediatlon Contaminated Land Ground Water Cleaning' Selection of Case 
Studies 
Prof. C. Thompson Contaminanted Land and Ground Water Clean-Up Technologies - The 
Analysticai Perspective 
Mr M.Pearl The Application of Soil Washing in the UK - Ptlot Plant Studies and Full 
Scale Treatments 
Dr. R. Thomas The Use of BioremedlatlOn Technologies for Remedlation ofFonner 
Gasworks 
Dr. C Hallett Wheai Jane Minewater - The Appraisal and Selection ofLong-Tenn 
Treatment Option 
Mr.D.Naden The Evolution of Economically Viable Waste Water Treatment Processes 
Based on Ion Exchange Resins 
Dr. B. Johnson Bioremediation of AcidiC Waste Waters Contammg Elevated Concentrallons 
of Heavy Metals and Sulphates 
Mr. D. Jenkms On Site and In-Situ Treatment of Soil and Ground Water 
-
DISCUSS - Laboratory Work 
Meeting - P.W., K.F. 
Miss K. Russel-FIint Are Colloids Important m the Transport ofRadlOnuclides? 
Meeting - P.W., A H, S.A., K B., K.F , A K, G.W., J.T., E.I. 
-
Discuss - Drigg Work 
Meetmg - P.W , K.F. 
W 
\Cl 
\Cl 
DATE 
07.12.01 
060202 
12.0202 
1502.02 
15.0202 
ORGANISATION 
'VENUE 
Radiochemistry Research Group / L. U. 
Centre for Environmental StudIes' L U. 
B.GS 
EA. 
Alcontrol Laboratories 
Consultant 
lACR Rothamstead 
Forestry CommIssion 
EMDA 
RadiochemIStry Research Group' L U. 
Radiochemistry Research Group' L U. 
Physical Section, Dept of Chemistry 'L U. 
SPEAKER TOPIC 
Undergraduate An Investigation of the Cobalt Gu1conate and Cobalt ISA System 
Dr. A. Hall Migration Case Study: Transport of Radlonuclides in a Reducmg Clay Sediment 
Trancom II Uranium (IV) DIoxide Solublhty Studies 
Mr. G. Walker Migration Case Study: Transport of Radionuclides in a Reducing Clay Sedunent 
Production and Testing the Stabditv of Radiolabelled Humic Material 
Land Remediation 
Mr. S. Quigley Site Appraisal and Plannmg 
Mr. B. Barnes Legislating and Environmental Protection 
Prof. C. Thompson Analysis and Monitoring. Should You Believe the Results? 
Mr. M. Barton Sustamable Remediation Techniques 
Mr. D. Johnson Fate and Blo-Remediation of Persistent Organic Pollutants in Sods 
Dr. A. MotTat After Use - Forestry 
Mr P. Reeve Remediation of Contammated Land - A Land Owner's PerspectIve Case Study: 
Avenue Coke Works 
MISS S. Allmson Invesngation into the Inorganic CollOIds m the Near-Field at Dngg 
MISS K. Russel-Flint Samphng & CharacterISation ofInorganic CollOIds m the Far-FIeld Groundwater 
at Drigg 
Miss K. Beckett Investigations of Aquatic and Natural Organic Matter m the Drigg Groundwaters 
Meeting - P.W ,A H, SA., K.B, K F., A K., a.w., J.T., E I 
Miss S. Allmson Investigation mto the InorganIC Colloids in the Near-Field at Drigg 
Miss K. Russel-Flint Sampling & Charactensation of InorganIc Colloids in the Far-FIeld Groundwater 
atDrigg 
Miss K. Beckett InvestIgations of Aquatic and Natural Organic Matter in the Drigg Groundwaters 
Meeting - P W., A H., L.S., SA, K B., K F., A.K, G W ,J.T., E.I. 
Dr. Karl Ryder Reaction Profilmg at ConductIon Polymer Electrodes 
DATE ORGANISATION SPEAKER TOPIC 
/VENUE 
18.02.02 Ongg Techmcal Programme Research SymPOSIum Mr. P. Humpbreys Introduction / Post Closure Safety Case (pCSC) 
/ Wolfson Conference Centre, Manchester Mr J Small Modellmg in Support of the PCSC 
Mr. I. Beadle Introduction - Trench Environment 
MISS L. Cahan Organic Decomposition Processes at Low Level RadioactIve Waste ReposItory 
MiSS. V. Durm Fate of Uranium In Low Level RadIoactlve Waste 
Mr. R. Lockhart CharacterisatIon of Microbial Populations using Molecular Microbiological Tools 
Mr. I. Beadle introductIon - Vault Environment 
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Water samples have been extracted from InSide (from standpipes) and from outside (from boreholes) of the 
trenches at the low level radloactlVc waste disposal site at Dngg In Cumbna, UK The samples were taken 
anaerobically from between 85 and lOOm below the surface usmg a submersible pump at low flow rates to 
ensure that the waters In the standpipes and boreholes were mamtamed at constant levels To ensure 
representative samples, the Eh. pH, conductiVity. temperature, Iron and dissolved oxygen concentrations of the 
waters were taken dunng Imtlal purgmg and dunng sampling The gross tntlUm. gross non-tntlum beta. gross 
alpha and gamma activItIes of each sample were determIned usmg SUItable sample preparatIon and countmg 
techmques. Samples were then anaerobIcally. sequenttally filtered through 12 !lm. I J.UIl. 30 kDa and 500 Da 
filter membranes The filtrates were analysed for gross alpha. gross non-tntIum beta and gamma activitIes 
SEM and STEM analyses were used to detennme the colloid population An energy dIspersIve analyser on the 
SEM was used to detennme the major elements present In the collOids UV-Vlslble spectrophotometry. 
fluorescence spectrophotometry and high performance SIze exclUSIon hqUId chromatography were used to 
analyse the waters before and after treatment With Ion exchange materIals to detennme whether natural organIC 
matter was present In the waters Results showed that two major types of collOIds (Iron containing collOids and 
slltcon contammg collOIds) were present m the waters There were also a small number of other collOIds that 
contam. as major elements. alumInIum. calcmm and chromium Orgamc collOIds were also present The 
oUJonty of the radIoactIVIty m the waters was due to tnttum Waters taken from outSide the trenches 
contalOed low levels of non-tntlUm beta actiVities and alpha actiVIties whIch were lower than the mmlmum 
detectable amount Waters taken from the trenches contamed non-tnttum beta actiVIties and low levels of alpha 
emitters FIltration of the trench waters showed that some of the alpha actiVIty was retamed by the 30 kDa and 
500 Da membranes suggestlOg that thIS actiVIty was associated With small collOids Radioactivity was not found 
to be associated With collOids present In the watelS taken from outSIde the trenches POSSIble reasons for thiS 
observation could.oo that radio nuclIde beanng collOIds have not yet reached the far-field or that the 
radlonuchde concentratIOn IS dIluted to below the mlmmum detectable amount After concentratmg two of the 
samples by factors of x 20 and x 16 respectIvely, 24 ± 01 and 0 6 ± 01 Bq dm-J of 137CS were measured 
1 Introduction 
A pressmg need 10 radIOactIve waste management IS to deCide 
whether collOids should be mcluded 10 codes used for 
perfonnance assessment There IS eVidence for collOid faCIlI-
tated transport of contammants and pollutants through the 
environment For example. InvestigatIOns earned out at the 
Nevada Test Slte l where groundwater samples were collected at 
300 m from a nuclear detonation cavity showed that for K. Fe. 
Cs, Ba, La and Pb, between 10% and 40"10 of the total elemental 
lQventory was assocIated With colloids For Mn. Co. Cc and 
Eu. greater than 90% of each element was assocIated WIth the 
collOidal phase At the Los Alamos NatIonal Laboratory2 
studies showed that both Am and Pu3 have migrated over 30 m 
through volcaDlc tuff Attempts were made to model the 
migration of Am and Pu both With. and WIthout, collOidal 
transport The results showed that such fast migratIOn would 
be unhkely m the absence of collOidal transport These lOves-
tlgatIOns. together WIth laboratory4-12 and m.sltu1J- 19 studIes 
suggest that collOId facIhtated transport of contammants IS an 
unportant process 
DOl 101039/bl06256p 
When consIdenng the potential role of collOIds 10 shallow 
disposal scenanos. the followmg questions concernmg collOids 
may be Important 20 In the near-field (the dIsturbed englOeered 
zone) are collOids generated from waste matenals, e g cellulose 
degradation. ferrous rustIng. ete ? Are collOids generated from 
cement degladatton? If so. are the collOids stable and do they 
IOfluence radlOnuchde migratIOn to the far-field (the undiS-
turbed zone)? In the far-field are collOids present In the 
groundwater? Are natural orgamc collOids present m the 
groundwater? Do repository generated collOids Influence 
migration of radlonuchdes? Is collOIdal transport a potentIally 
SignIficant Issue over all assessment time-scales, IncludIng site 
blogeochemlcal evolution and alternate chmate scenanos? Are 
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T J.ble 1 LocatIOn, sdmple reference and sampling date scannmg electron mlcroscopy (SEM) and scanmng transmIS-
SIOn electron mlcroscopy (STEM) and colloid type was 
Dngg location and ~;:~!: ~:r~! lQvestlgated usmg a Lmk System Energy Dispersive Analyser 
sample reference ground level) Sampling date The presence of natural orgamc colloids was investigated 
________________________ by addmg DEAE cellulose, a weak amon exchanger, to the __ ~~ 
Borehole C6J3pl/LA49 
Borehole C8/2p 1 ILA50 
StandpIpe P4/5plILA51 
Standpipe Pl/lp IILA52 
StandpIpe Pl/lpl1K5l8 
105 
120 
100 
85 
85 
August 2000 
August 2000 
August 2000 
August 2000 
March 2000 
potentIal mobile near-field generated colloIds stable and 
transportable ID the far-field? 
WIth the above m mmd, an investigation of the nnportance 
of colloids as possIble radlOnuchde transport agents at the low 
level radioactIve waste disposal site at Dngg In Cumbna IS 
ongomg 
The Dngg SIte, owned and operated by BNFL, IS the UK's 
pnnclpai site for the disposal of low level radioactive waste 
The site has operated smce 1959 and receives wastes from a 
wide range of sources mcludmg nuclear power stations, nuclear 
fuel cycle facIlities, Isotope manufactunng Sites, UQlVersltles, 
general mdustry and clean-up of rustoncally contammated 
Sites Dlsposals unttl the late 1980s were solely by hppmg 
essentially loose wastes mto excavated trenches Smce then, 
trench dlsposais have been phased out m preference to 
emplacement of contamensed, conditioned wastes In concrete 
vaults and the trenches have been completed With an mtenm 
cap. 
Samples of water have been taken from wlthm the site 
anae"roblcally from standpIpes IQ the trenches (near~field) and 
from boreholes (far-field) downstream of the leachate plume 
from the trenches SequentIal ultrafiltratIon was performed to 
separate the partlculate, collOIdal and IODIC frachons wlthm 
each sample Up to four membranes were used for ultrafiltra-
tion. A 12 J.1ffi membrane was used to remove large particles so 
as to ehmmate clogging of the smaller pore size filter mem~ 
branes. A 1 J.LIll membrane was used to filter out partlcttlates 
larger than those m the collOidal SIze range To separate the 
collOid fraction mto 'large' and 'small' collOids, 30 kDa and 
500 Da molecular weight membranes were used Radlonuchdes 
eXistIng as lomc species would pass through the 500 Da 
membrane 
Unfiltered samples were analysed for gross activity and for 
tnttum activIty FIltrates were analysed for gross alpha, non-
tntlum beta and gamma activities 
CollOid populatIon on the membranes was detenmned by 
I I 
11 
~. 
unfiltered samples and to the filtrates DEAE treated and 
untreated hqulds were then analysed by UV-vlslble spectro-
photometry, fluorescence spectrophotometry and high perfor-
mance size exclusIOn chromatography 
2 Experimental 
2.1 Sampling locations and dates 
The locatIons. SIte references. sample depths and samplIng 
dates of samples taken from the Dngg site are shown IQ 
Table 1. Fig I shows the location of the boreholes and 
standpipes. Sample LA52, taken from standpipe locatIon 
P3/3pl, went aerobiC dunng analYSIS hence some results from 
the analyses of sample K538. whIch was taken from the same 
location, are mcluded ID thiS paper. 
2.2 Sampling protocol and equipment 
The system used to extract ground water IS shown ID Fig 2 The 
system uses a submersible pump (Grundfos MPI RP i) whIch 
was controlled by a convertor (Grundfos BTUMPI ) powered 
by a petrol dnven generator Throughout the samplIng 
procedure, the water level was contmuously momtored usmg 
a water detector attached to a strong tape measure. After 
purging the eqUIpment With mtrogen, extracted water was 
momtored for Eh (Onon 9678BN platmum combmahon redox 
electrode), pH (Onon 910600 KCI gel filled sdver-sdve, 
chlonde combmatlon electrode, usmg an Onon 250A meter), 
temperature and conductiVity (anon conductIVIty cell WIth 
buIlt IQ thermlster connected to an Onon 105 meter) and 
dIssolved oxygen (Jenway model 9071 meter) and dIssolved 
Iron (measured by colollmetry usmg an Ion speCific meter 
(Hanna Instruments HI93721» When these measurements 
were constant (see Table 2). samples were collected ID 20 dm] 
stamless steel camsters After dehvery of the samples to the 
laboratory the Eh, pH, conductIVity and Iron content were 
re-measured 
2.3 Sample treatment-ultrafiltration 
All fiItrattons and analyses were duplIcated Fig 3 shows a 
dlagram of the anaerobIC filtratIon ng The ng cODSlSted of four 
} / fJ~ 
, 
CIIlpllLA$O ---:;;;;;;;;;----('"'-===--1 ~t---------./ 
Fig ] Plan of the Dngg site 
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Flg.2 ScbematIc of the eqwpment used for takmg water samples 
350 cm' stIrred ultrafiltratIon cells (Arnlcon model 8400) 
connected m senes A mtrogen cylmder was connected to the 
ng by a dialySiS selector (model cns 10) whIch allowed eIther 
mtrogen to flow straIght to the cells or mto the sample camster, 
thereby allowmg the groundwater samples to be mtroduced 
mto the rIg Four dIfferent Sized membranes were used, 12)lm 
(Whatman polycarbonate Cyciopore), I f1ll1 (Whatrnan poly-
carbonate Nuciepore), 30 kD. (Amlcon YM cellulose) and, on 
occaSIOns, a 500 Da membrane (Amlcon YM cellulose) Before 
use these membranes were washed thoroughly with de-Iomsed 
water All membranes were supplIed by Fisher SCIentIfic, 
Loughborough Before filtration, the ng was purged with 
nitrogen for at least 2 h After filtration and before analysIs, the 
membranes were dned In a desslcator (sIlIca gel) to prevent the 
growth of bactena or microbes on the membranes 
24 Analyses 
2.4 1 RadlOachvity analyses. RadioactiVIty analyses of the 
waters Included gross activity by hquld scmttllatlOn countmg, 
trItIUm activity by hqUld scmtdlatlon countmg, gross alpha 
activIty by gas IOniSation, gross non-tntlUm beta actIvity by gas 
IOnisatIon and gamma actIVIty by spectrometry 
2 4 J J Gross actmty To detennme the approximate gross 
activIty 10 a water sample 8 cm] of sample wele added to a 
plastic VIal contammg 12 cm] of Ultnma Gold LLT lIqUId 
scmtdlatton cocktail (Packard) before countmg ID a Packard 
Trl-Carb 2750 TRILL hquId scmtIllatlon counter. 
hqwd 
dialysIS 
selector 
'8 = tap 
r;::::;::rf-;;;P::;::::;::=====:ot-- mtrogen 
Fig 3 Anaerobic sequential filtenng ng 
The absolute actIVIty of the solutions cannot be calculated 
because the samples contam a mIxture of radlonuchdes 
However, the activity was calculated WIth respect to tntIum, 
as thls was the dommant radIonuchde After countmg, each 
sample was spiked With a known actIVIty of tntIated water and 
shaken to mIX thoroughly before recountmg the samples The 
countmg efficIency for each sample was detenmned before 
calculatmg the aCtiVIty wIth respect to tnhum. 
2 4 J 2 TruJUm actrllUy A punfied sample of tntIated water 
was obtamed by distIllation. Before distIllation, 08 g ofsodlUD1 
thl0sulfate and 1 2 g of sodIUm carbonate were added to 75 cm3 
of sample In order to retam volatile radlonuchdes The first 
9 cm3 of dIstIllate were discarded The next 8 cm3 of distIllate 
were collected and ffilxed wIth Ult,ma Gold LLT liqUId 
scmtlllant (12 cm3) ID a plastiC VIal before countmg m the 
tntlUm channel of the hquld scmtdlatlon counter The sample 
was then spiked with a known actIvity of tntlated water and 
recounted The absolute actiVIty of the sample was calculated 
after calculatmg the countmg effiCiency of tntlUm In the 
sample 
24 J 3 Gross alpha and non·trzlzum beta aCIlVlty Gross 
alpha and non·tnttum beta actIvity measurements were made 
usmg a FAG FHT650K1 gas flow proportIonal counter usmg 
argon-methane countmg gas and a FAG FHT770M sample 
changer. 500 cm3 of sainple were transferred to a beaker and 
evaporated to about 50 cm3 The lIqUid was allowed to cool 
before bemg transferred to an accurately weighed porcelam 
cruCible The beaker was nnsed With a mInimal amount of 
distilled water and the washmgs were also transferred to the 
cruCIble Sulfunc aCid (l cm3) was added to the solution to 
break down orgamcs that might be present The solution was 
then evaporated to dryness under an IR lamp The crUCIble was 
then placed ID a preheated muffle furnace (350°C) for I h The 
cruCible was allowed to cool and then accurately re-weighed 
0283 g (l.e the same mass as that used to prepare the 
standards) of the reSidue ash were transferred to a 6 cm 
dIameter planchette. The ash was slumed m methanol and 
dtstnbuted evenly across the planchette before leavmg to dry. 
Each sample was counted for at least 20,000 s To determme the 
countmg effiCIency for alpha and beta aCtiVIties, an Am and a 
Kel standard were used respectively The countmg effiCIency 
Table 2 Results of the m·sltu measurements of the standpipe and borehole water samples 
Borehole Borehole Standpipe Standpipe Standpipe 
Measurement C6Ilp IILA49 CSl2p IILA50 P4/5pl/LA51 Pl13pllLA52 Pl/lpllK5l8 
pH 675 723 695 68l 7r1 
Eb (SHE)/mV IlO 141 89 74 101 
ConductiVltyh!S SSI l54 256 ll3 581 
TemperaturerC 166 125 145 179 112 
Dissolved Oxygenlmg dm-3 14 14 14 0 Not measured 
Iron concentratJonlmg dm-3 Not measured I 5 l7 49 14 
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was calculated before the absolute actIVity was calculated 
Errors In the aCtiVIty determmatlons were calculated USIng only 
countmg statIstics 
before concentration by rotary evaporatIOn at 60°C until all 
samples gave a UV absorbance of approximately I at 250 nm 
Measurements have shown that neIther the UV nor the 
fluorescence sIgnal were reduced when samples were allowed 
24 J 4 Gamma spectrometry Gamma _ actIvIty _ measure~_ to go aerobic ---- -------~--------, 
---- - ments were made-usIng an EG&G Ortec GEM senes HIgh The UV-vlslble absorptions of the samples were measured 
Punty Gennamum coaxIal detector connected to a computer on a Phlhps PU 8730 UVNlslble Scanmng Spectrophotometer 
fitted wIth an ORTEC ACE 4 k multtchannel analyser board usmg a 1 cm2 cuvette Absorbance measurements were made at 
An ORTEC Maestro II program was used to control the board 250 nm for companson with the HPLC and also from 250-
and the detector 500 cm3 of the sample were transferred to a 450 nm at 50 run mtervals to examme the nature of the spectra 
Mannelh beaker If necessary. concentrated mtnc aCId was The fluorescence of each sample was measured on a Hltachl 
added to dissolve any partlculate matenal that had preclpl~ F-400 Fluorescence Spectrophotometer usmg 1 cm2 Cllvettes 
tated The countmg effiCiency (from 0-2 Me\') of the detector The optimum eXCItation and emISSion wavelengths were 
was detennmed by USIng a mixed radlonuchde standard detenmned as 330 nm and 440 nm respectively 
(National PhYSical Laboratory, Teddmgton, UK) before High performance size exclusion liquId chromatography was 
calculatIng the absolute gamma activIty ID the sample Errors performed on a PhIllps PU 4100 Liquid Chromatograph 
In the measurements were calculated usmg only countmg coupled to a PhIhps Pye Umcam PU 4021 Multtchannel 
statistICS Photodlode Array Detector: The column used was an Ultra 
2 4 2 CollOId p"pulatiolh'lEM and STEM analysis of filter 
membranes. The collOid population was deterrmned by fi1ter~ 
mg a small volume of the sample through 12 JUD. I ).lID and 
30 kDa membranes The 30 kDa membranes were then dned In 
a deSiccator A segment of the membrane was then vacuum 
coated With gold before analYSIS usmg a Cambndge Stereoscan 
360 SEM fitted WIth Lmk System Energy DISperSIVe Analyser 
A JEOL ]EM 100CX coupled STEM was also used for 
analysmg the membrane because thIS mstrument could achieve 
much greater resolutIOn than the SEM Instrument. AssumIng 
umform coverage of collOids on the membrane and usmg the 
stated effective membrane area of 41 8 cm2, the collOid 
populatIon was calculated usmg eqn. (1) 
-3 No collOids CollOid population (particles dm ) Cl 2 
Observed area (cm ) 
x 41 8 cm2 
1000 
x Volume filtered (cm3) (1) 
2.4 3 Colloid composlhon-SEM EDA analYSIS. To deter-
mme collOid composItIon, a dned 30 kDa membrane was 
analysed for major elements ID the partlculates usmg the energy 
dIsperSive analyser on the SEM (magmficatIon between 2 k and 
20 k) Back scattered X~rays were produced from bombard-
ment of the sample by a high voltage electron beam The 
energies of the X-ray emiSSIOns allowed the IdentIficatIon of the 
major elements present 10 a collOid 
2.44 AnalYSIS of natural organic matter. Three techmques 
were used to determme whether natural orgamc matter was 
present In a sample (I) UV-vlslble absorptIon spectrophoto-
metry, (11) fluorescence spectrophotometry and (Ill) hIgh 
perfonnance size exclUSion liqUid chromatography coupled 
to a photodlode array UV-vlslble absorption detector 
HumiC aCids (HA) and fulvlc aCIds (FA) are extracted from 
water by the weak amon exchanger DEAE cellulose (dlethyl-
ammoethyl cellulose) Measurements were therefore taken 
before and after treatment With the follOWing DEAE cellulose 
(Slgma), a strong amon exchange reSIn, Amberhte IRA 400 
(Aldnch), a weak catIon exchange resm, Amberhte IRC 50 (H) 
(Aldnch). and a strong catIOn exchange resin. Amberhte IR 120 
(H) (Aldnch) The Ion exchange resms were preconditioned 
usmg sodium chlonde solution Each extractIon was conducted 
usmg 5 cm3 of solutIon and 0 2 g of exchanger The results were 
compared WIth those obtamed from sodium humate (Aldnch) 
and fulvlc and humiC aCids extracted from Dngg ground waters 
Although measurable. the concenttatlons of natural orgamc 
matter ID the water samples were too low for acceptable 
analYSIS Therefore, the samples wele allowed to go aerobiC 
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hydrogel 120 Mdhpore 7 8 x 300 mm column The mobile 
phase was 0 I mol dm- 3 NaCIO. at pH 7 9 WIth a flow rate of 
02 cm3 mm-1 A tyPiCal run time was 55 mm 
3 Results and discussion 
3.1 Fdtrabon and actIVIty measurements 
The results of the radioactivity analyses are shown tn Table 3 
Samples taken from outSIde the trenches (LA49 and LA50) dId 
not contam measurable levels of alpha actIvity Samples taken 
from the trenches (LA51, LA52 and K538) contamed mea-
surable alpha actIVItIes Filtration of the LASl sample showed 
a decrease (about 38%) 10 the filtrate activity only after the 
sample had been filtered through the 500 Dn membrane 
FIltratIOn of the K538 sample showed a decrease 10 the filtrate 
alpha actIVity only after the sample had been filtered through 
the 30 kDa (about 35%) and 500 Da membranes (about 36%) 
The reduction In the filtrate actiVItIes suggests that some of the 
alpha actIvity IS assOCiated With large and small collOIds It IS 
difficult to be speCific about the partIcle SIze but a I J..UU filter 
should allow the passage of partIcles which are less than I J.lm 
10 size. a 30 kDa should allow the passage of partIcles which are 
< 2 nm and a 500 Da should allow passage of actiVity which IS 
smaller than the collOid SIZe range Le particles < I nm 
Samples taken from outSIde the trenches (LA49 and LA50) 
con tamed very low, but measurable, levels of non~tntlUm beta 
actIVIty Samples taken from the trenches (LA51, LA52 and 
K538) con tamed measurable non~tntIum beta activIties The 
filtrate of the 500 Da membrane for sample LA51 showed a 
20% reduction ID non-tntlum beta actiVity suggestmg that 20% 
of the activity IS asSOCiated With collOIds which are between 1 
and 2 run 
l37es was detected m the trench samples (LA5I, LA52 and 
K538) After concentratIng samples LA49 and LA50 by factors 
of x 20 and x 16 respectIvely, 24 ± 0 I and 06 ± 0 I Bq 
dm- 3 of 131es were measured 6Oeo was onl~ detected ID 
sample LA5L FIltration showed that neither 13 Cs nor 6Oeo 
was assOCiated With collOids 
3.2 Colloid populatIOn-SEM and STEM analysis oC filter 
membranes 
Table 4 shows that the collOId population Le the particle 
population captUled on the 30 kDa memebrane IS higher III the 
trench samples (LA51 and K538) than In the samples taken 
from outSIde the trenches (LA49 and LA50) Results were not 
obtamed for LA52 
3.3 Colloid composltion-SEM EDA analysis 
Results from elemental analyses of the 30 kDa membranes 
suggest that collOids m the trench waters are Similar to those 
Table 3 AnaerobIc radloactlVlty analyses of the borehole and standpipe water samples and the filtrates All actlVlhes are lO Bq dm-3 Errors are 
calculated usmg countmg statIStics only and are to one standard devlahon 
Borehole Borehole Standpipe Standpipe Standpipe 
C6I3p11LA49 C812plILA50 P415plILA51 P313pllLA52 P313pl1K538 
-----Oro83 --------- - 22180 ± 65 8360 ± 318 138565 ± 3409 7585 ± 370 1973 ± 102 
Tnhum 18230 ± 471 7605 ± 295 105407 ± 5220 6904 ± 71 1932 ± 102 
Gross alpha Unfiltered <006 <006 021 ± 002 016 ± 002 067 ± 002 
12~ <006 <006 023 ± 001 01l±002 051 ± 001 
111III <006 <006 020±002 Oil ±002 064±002 
30 kDa <006 <006 021 ± 002 Not measured 041 ± 002 
500 Da <006 <006 013 ± 001 Not measured 026 ± 001 
Non-tnhum beta Unfiltered 036 ± 002 025±002 543 ± I 198 ± I 126 ± 0 I 
12~ <006 <006 583 ± I 195 ± I 117 ± I 
I ~m <006 <006 631 ± I 208 ± I 99 ± I 
30 kDa <006 <006 618 ± I Not measured III ± I 
500 Da <006 <006 490 ± I Not measured 117 ± I 
Gamma lJ7es Unfilterd <02 <02 76 ± I 57 ± 02 35 ± 02 
12 Ilm <02 <02 76 ± I 59 ± 02 32 ± 02 
I ~m <02 <02 76 ± I 61 ± 02 33 ± 02 
30kDa <02 <02 75 ± I Not measured 33 ± 02 
500 Da <02 <02 83 ± I Not measured 43 ± 02 
"'Co Unfiltered <03 <03 025 ± 001 <03 <03 
12 IlID <03 <03 026 ± 001 <03 <03 
1 ~lm <03 <03 022±001 <03 <03 
30 kDa <03 <03 021 ± 001 Not measured <03 
500 Da <03 <03 022±001 Not measured <03 
Table 4 Partlcle populatlon m partIcles per dm' 
Borehole C6I3plILA49 Borehole C812pllLA50 StandpIpe P415pllLA51 StandpIpe P313pllLA52 StandpIpe P313pl1K5l8 
12~ 
I ~un 
30 kOa 
26±01x108 
36 ± 0 S x 10 10 
86 ± 10 x 10 10 
12±02xI08 
84 ± 2 S x 109 
47±10xI010 
57 ± 21 x 10' 
13±11x109 
10 ± 02 x lOll 
Not measured 
Not measured 
Not measured 
I 0 ± I 0 x 10' 
91 ±47 x 108 
Il±03xl0" 
outsIde of the trenches and that there are two major types of 
conoIds' Iron containing collOids and sIilcon contmnmg 
collOids There are also a small number of other collOIds that 
contam, as major elements, alummIUIn. calCium and chro· 
mlum Orgamc collOids are also present as IS detaIled below 
3 4 AnalYSIS of natural orgamc matter 
The UV-vlslble, fluorescence and HPLC signals from the 
samples were too low to be of use and therefore, the samples 
were concentrated by evaporation until a UV absorbance. 
measured at 250 run, of approxunately 1 was measured The 
UV spectra observed from all samples were those expected 
from natural orgamc matena.l (humIC and/or fulvlc aCid) Le 
contmuous but decreasIng absorbance across the wavelength 
range from 250 nm to 500 nm All samples contamed 
fluorescence molecules wlth strong fluorescence at 450 nm 
HPLC analyses of all samples showed that the eluted peaks 
were broad and that they eluted early from the column 
mdlcatmg that they were composed of high molecular weight 
molecules These results strongly suggested the presence of 
fulvlc andlor humiC substances 10 all of the samples. 
HUmIC and fulvlc substances are negatively charged In 
enVironmental waters and are therefore removed from the 
waters by an amon exchange res10 Table 5 shows the percen-
tage of the lruttal signal remammg m solution after treatment 
With lon-exchange matenal The results show that although 
some of the orgamc substances present In the borehole and 
standptpe samples behave hke Aldnch HA, Dngg HA and 
Dngg FA, re are extracted by DEAE cellulose, some do not 
behave the same However, the results, obta1Oed after addltton 
of strong anion exchange resm, for borehole and standpipe 
samples are sundar to those obtamed from Aldnch HA, Dngg 
HA and Dngg FA. 
AdditIon of strong or weak catIon exchange resms did not 
reduce the Signals observed from the samples Cattonic UV 
absorbmg and fluorescent molecules are therefore not present 
ID the samples 
4 Conclusions 
The major questtons to be answered are (I) are collOlds present 
m waters at the Dngg Site?, (n) If so, what type of collOIds are 
T::Ible 5 Percentage of initIal Signal remammg m solution after Ion exchange treatment 
Borehole Borehole Standpipe Standpipe 
C6I3p llLA49 C812pllLA50 P4I5pIlLASI P313pllLA52 Aldncb HA DnggHA Dngg FA 
DV" FI' HP" UV FI HP UV FI HP UV FL HP UV FI HP UV FL HP UV FI HP 
DEAE (weak amon) 67 66 55 77 73 87 39 67 26 39 54 25 10 7 0 5 I 0 3 0 
IRA 400 (strong amon) II 22 0 21 18 0 6 10 0 13 13 0 15 23 21 22 16 0 12 17 0 
IRC 50 (weak catIOn) 96 87 98 97 98 99 98 89 91 98 75 98 105 93 101 116 99 107 III 100 97 
IR 120 (strong cauon) 109 92 ID9 100 93 100 89 93 89 109 85 104 108 110 92 114 114 96 120 104 99 
"UV = absorption at 250nm bpl = fluorescence emISSion ,It 450nm '1:IP "'" HPLC absorbnnce at 2S0 nm 
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present?, and (111) are radlonuchdes assocIated WIth the 
colloIds? 
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